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PREFACE 


In this fourth edition of Renal Pathophysiology: The Essentials, we have main- 
tained the general principles that guided us in the design and approach of 
the last three versions of the book. Over these last years, we have received 
many comments and suggestions not only from our second-year medical stu- 
dents but also from house staff, nephrology fellows, and colleagues; we are 
most grateful for their feedback and encouraging words. As a consequence 
of these suggestions, we have expanded the sections on molecular aspects 
of the mechanisms that result in kidney dysfunction and the morphologic 
expression of the major diseases that affect the kidney; the illustrations are 
now in full color and inserted into the text. The list of suggested readings has 
been updated and summaries are included at the end of physiology chapters. 
The core and the principal aim of this book remain unchanged: to provide 
the student with a solid understanding of the mechanisms that result in kid- 
ney dysfunction and disease and to serve as the basic reading material and 
text for a course in kidney pathophysiology. 
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REVIEW OF RENAL 
PHYSIOLOGY 


CA OBJECTIVES “es ae, 
s; 


By the end of this chapter, you should have an understanding of each 
of the following issues: 


-© The general mechanisms by which solute reabsorption and secretion 
; occur in the different nephron segments. 
m The factors regulating the glomerular filtration rate. 


™ The mechanisms by which the glomerular filtration rate is measured 
in patients. 


Introduction 


Although readers of this book should have already completed a course on 
normal renal physiology, a brief review of the basic principles involved is 
helpful in understanding the mechanisms by which disease might occur. 
Tubular functions will be discussed with a major emphasis on sodium 
and water reabsorption. The glomerular filtration rate (GFR) including 
its regulation and how it is estimated in the clinical setting will also be 


reviewed. 
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The kidney performs two major functions: 


= It participates in the maintenance of a relatively constant extracellular 
environment that is necessary for the cells (and organism) to function nor- 
mally. This is achieved by excretion of some waste products of metabolism 
(such as urea, creatinine, and uric acid) and of water and electrolytes that 
are derived primarily from dietary intake. Balance or steady state is a key 
principle in understanding renal functions. Balance is maintained by keep- 
ing the rate of excretion equal to the sum of net intake plus endogenous 
production: 


Excretion = Net Intake + Endogenous production 


As will be seen, the kidney is able to individually regulate the excretion 
of water and solutes (such as sodium, potassium, and hydrogen) largely 
by changes in tubular reabsorption or secretion. If, for example, sodium 
intake is increased, the excess sodium can be excreted without requiring 
alterations in the excretion of water or other electrolytes. 

= It secretes hormones that participate in the regulation of systemic and 
renal hemodynamics (renin, angiotensin II, and prostaglandins), red cell 
production (erythropoietin), and mineral metabolism [calcitriol, (1,25-OH 
dihydroxy vitamin D), the major active metabolite of vitamin D]. 


The kidney also performs a number of miscellaneous functions such as 
the catabolism of peptide hormones and the synthesis of glucose (gluconeo- 
genesis) under fasting conditions. 


Relationship between Filtration 
and Excretion 


The normal GFR ranges from 130 to 145 L/day (90 to 100 mL/min) in women 
and from 165 to 180 L/day (115 to 125 mL/min) in men. This represents a vol- 
ume that is more than 10 times that of extracellular fluid and approximately 
60 times that of plasma (see Fig. 2.5 for estimation of these volumes); as a 
result, survival requires that virtually all of the filtered solutes and water be 
returned to the systemic circulation by tubular reabsorption. 

Preventing excessive urinary sodium loss is essential to maintenance 
of the extracellular and plasma volumes (see Chapter 2). Figure 1.1 shows 
the organization of the nephron, and Table 1.1 lists the relative contri- 
bution of the different nephron segments to the reabsorption of filtered 
sodium and the neurohumoral factors involved in regulating transport 
at that site. The bulk of the filtered sodium is reabsorbed in the proxi- 
mal tubule and loop of Henle; however, day-to-day regulation primarily 
occurs in the collecting ducts, where the final composition of the urine is 
determined. 
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FIGURE 1.1. Anatomy of the nephron. Filtrate forms at the glomerulus and 
enters the proximal tubule. It then flows down the descending limb of the loop 
of Henle into the medulla, makes a hairpin turn, and then ascends back into the 
cortex. The next segment of the tubule is the distal convoluted tubule that 
becomes the cortical collecting duct and then the outer and inner medullary col- 
lecting duct before entering the papilla through the papillary duct. The sites and 
mechanisms of sodium reabsorption are summarized in Table 1.1. 


This regulatory system for solute excretion is highly efficient. For 
example, the filtered sodium load in a patient with a GFR of 180 L/day and 
a plasma water sodium concentration of 140 mEq/L is 25,200 mEq. Normal 
dietary sodium intake ranges from 80 to 250 mEq/day. Thus, more than 99% 
of the filtered sodium must be reabsorbed to remain in balance. Furthermore, 
increasing sodium intake by 25 mEq/day requires an adjustment in the rate 
of sodium reabsorption of <0.1% (25 + 25,200 = 0.1%). 

The following discussion will emphasize the mechanisms by which 
sodium is reabsorbed in different nephron segments. The regulation of water, 
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Sites and Mechanisms of Renal Sodium Reabsorption 


Tubule Percent Filtered Mechanisms of Regulatory 
Segment Na Reabsorbed Na Entry Factors (Major) 
Proximal 50-55% Na*—H* exchange; Angiotensin II; 
tubule cotransport with norepinephrine; 
glucose, amino glomerular 
acids, phosphate, filtration rate 
and other organic 
solutes 
Loop of 35-40% Na*-K*-2CI Flow-dependent 
Henle cotransport 
Distal tubule 5-8% Na*—-Ch Flow-dependent 
cotransport 


Collecting 2-3% 
tubules 


Na* channels 


Aldosterone; atrial 
natriuretic peptide 


hydrogen, potassium, calcium, and phosphate handling in the kidney will be 
reviewed in the following chapters. 


General Mechanism of Transtubular 
Sodium Reabsorption 


The reabsorption of filtered sodium from the tubular lumen into the peritu- 
bular capillary occurs in two steps: Sodium must move from the lumen into 
the cell across the apical (or luminal) membrane; it must then move out of 
the cell into the interstitium and peritubular capillary across the basolateral 
(or peritubular) membrane. 

As with any charged particle, sodium is unable to freely diffuse across 
the lipid bilayer of the cell membranes. Thus, transmembrane transporters or 
channels are required for sodium reabsorption to proceed. For example, the 
active transport of sodium out of the cell is mediated by the Na*—-K*-ATPase 
pump in the basolateral membrane, which pumps three sodium ions out of 
the cell and two potassium ions into the cell. 

A general model for transcellular sodium transport is shown in 
Figure 1.2. Sodium enters the cell via a transmembrane carrier (that may 
also transport another solute such as glucose) or via a selective sodium 
channel. Removal of sodium from the cell by the Na*—K*-ATPase pump has 
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FIGURE 1.2. General model for transtubular sodium reabsorption and sche- 
matic model of ion transport in the proximal tubule. Filtered sodium enters the 
cell across the apical membrane via either (1) a transmembrane carrier that can 
also reabsorb (as with sodium—glucose or sodium—-phosphate cotransport) or 
secrete (as with sodium—hydrogen exchange) another substance or (2) a selective 
sodium channel. This sodium is then returned to the systemic circulation by the 
Na*—K*-ATPase pump in the basolateral membrane. This pump also maintains the 
cell sodium concentration at a low level and creates a cell-interior negative poten- 
tial, both of which result in a favorable electrochemical gradient that promotes 
passive sodium entry into the cell in all nephron segments. 
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two important additional effects. First, the cell sodium concentration is 
maintained at 10 to 30 mEq/L, well below the 140 mEq/L concentration in 
the extracellular fluid and the glomerular filtrate. Second, the net removal 
of cell cations generates a cell-interior negative electrical potential. This 
effect is related to the 3:2 stoichiometry of the pump (with more sodium 
leaving than potassium entering) and to the diffusion of the potassium 
back out of the cells through selective potassium channels in the basolat- 
eral membrane. 

The combination of the low intracellular sodium concentration and the 
cell-interior negative potential results in a favorable electrochemical gradi- 
ent for sodium entry into the cell across the apical membrane. This gradient 
is so favorable that the active reabsorption or secretion of other substances 
(such as glucose) can be accomplished by linkage to sodium (in this case by 
a sodium-glucose cotransporter) rather than by a separate energy-requiring 
process. 


Tight Junctions and Membrane Polarity 


Normal functioning of the transepithelial transport system requires the 
proper localization of the transporters into the apical or basolateral mem- 
brane domains (membrane polarity). The sodium entry mechanisms must 
be on the apical membrane, while the Na*-K'-ATPase pump must be on the 
basolateral membrane. How correct localization occurs is not completely 
understood, but the tight junction between the cells plays an important role 
in the maintenance of normal membrane polarity. The tight junction acts as 
a gate, preventing the lateral movement of transporters or channels from one 
membrane domain to the other. The tight junction also regulates the para- 
cellular movement of solutes and water through unique integral membrane 
proteins (claudins) within the tight junction. Epithelia vary significantly in 
the paracellular movement of water and solutes (“leakiness”), and these dif- 
ferences depend upon the unique claudins expressed in a particular epithe- 
lial cell. For example, mutations in paracellin-1, a claudin uniquely expressed 
in the thick ascending limb, lead to familial hypomagnesemia and urinary 
magnesium wasting. 


Segmental Sodium Reabsorption 


The major nephron segments (Fig. 1.1) reabsorb sodium by a mecha- 
nism similar to the general model in Figure 1.2. However, the apical 
membrane carrier or channel responsible for sodium entry into the cell 
is different in each segment (Figs. 1.2 to 1.5). An understanding of these 
different entry mechanisms in part explains some of the functions per- 
formed by each segment; it also assumes clinical importance with the 
use of diuretics, which inhibit tubular sodium reabsorption and lower 
the extracellular fluid volume in edematous states or in hypertension 
(see Chapter 4). The physiologic factors that regulate segmental sodium 
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transport are listed in Table 1.1; how they interact to maintain sodium 
balance will be discussed in Chapter 2. 


Proximal Tubule 


The proximal tubule has two major reabsorptive functions: It reabsorbs 50% 
to 55% of the filtered sodium and water, and it reabsorbs almost all of the 
filtered glucose, phosphate, amino acids, and other organic solutes by linking 
their transport to sodium. 

Filtered sodium enters the proximal tubular cell via a series of transport- 
ers that also transport other solutes. Thus, there are specific sodium-glucose, 
sodium-phosphate, sodium -citrate, and several different sodium-—amino 
acid cotransporters. Binding of the cotransported solute appears to lead to a 
conformational change in the carrier protein that results in an opening of the 
gate for transmembrane sodium movement. 

Reabsorption via these transporters represents a form of secondary 
active transport. Although the cotransport process itself is passive, the energy 
is indirectly supplied by the Na*—K*-ATPase pump, which, as described 
above, creates the favorable electrochemical gradient that allows sodium to 
passively diffuse into the cell. 

From a quantitative viewpoint, however, sodium—hydrogen exchange is 
of greatest importance. This transporter results in sodium reabsorption and 
hydrogen secretion; much of the secreted hydrogen then combines with fil- 
tered bicarbonate, leading to the reabsorption of approximately 90% of the 
filtered bicarbonate (see Chapter 5 for a detailed discussion of the role of the 
kidney in acid-base homeostasis). 

The removal of solutes from the lumen initially lowers the tubular fluid 
osmolality, thereby creating an osmotic gradient that promotes an equivalent 
degree of water reabsorption. Osmotic water transport can occur because 
the apical and basolateral membranes are highly permeable to water due to 
the presence of transmembrane water channels (aquaporins). Water reab- 
sorption can also occur between the cells across the relatively “leaky” tight 
junction that is present in the proximal tubule. 

The net effect of this permeable epithelium is that concentration or 
osmotic gradients cannot be maintained in this segment. As a result, the 
sodium concentration and osmolality of the fluid leaving the proximal tubule 
are the same as that in plasma. This is also true of the concentration of sol- 
utes whose reabsorption is passively linked to that of sodium, such as urea, 
potassium, and calcium. Sodium-induced water reabsorption raises the 
tubular fluid concentration of these solutes, thereby allowing them to be pas- 
sively reabsorbed down a favorable concentration gradient. 

In comparison, the tight junctions are relatively impermeable in the 
more distal segments. As a result, concentration and osmotic gradients that 
can exceed 50:1 for sodium (urine sodium concentration <3 mEq/L with 
volume depletion) and almost 1,000:1 for hydrogen (urine pH <5.0 with acid 
load) can be created and maintained. 
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When patients become volume depleted, as with vomiting 

or diarrhea, the renin—angiotensin and sympathetic nervous 

systems are activated (see Chapter 2). Angiotensin Il and 

norepinephrine enhance proximal sodium reabsorption by 

increasing the activity of the Na‘—H* exchanger; this response 
is appropriate since it limits urinary sodium losses that would exacerbate 
the volume deficit. What will happen to proximal urea reabsorption in this 
setting? 


Loop of Henle 


Thirty-five to forty percent of the filtered sodium and chloride is reabsorbed 
in the ascending limb of the loop of Henle. Reabsorption of sodium in the loop 
occurs in excess of that of water, since the apical membrane of the ascend- 
ing limb is impermeable to water, lacking the aquaporins (water channels) 
present in the proximal tubule. This separation between sodium and water 
movement is an essential part of the countercurrent mechanism. 

The major mechanism of active sodium chloride transport in the 
thick ascending limb is shown in Figure 1.3. Filtered sodium and chloride 
enter the cell via an electroneutral Na‘-K*-2Cl cotransporter in the apical 
membrane. The energy for Na*—-K*-2Cl cotransport is again derived from 
the favorable inward gradient for sodium (low intracellular Na* concentra- 
tion due to constitutive activity of the basolateral Na*-K*-ATPase pump). 
However, the concentration of potassium in the lumen, and in the extracel- 
lular fluid, is much lower than that of sodium and chloride. Thus, continued 
sodium chloride reabsorption requires that the potassium entering the cell 
be recycled back into the tubular lumen through selective potassium chan- 
nels in the apical membrane. This movement of potassium is electrogenic, 
making the lumen electropositive. Chloride exits the cell through a selec- 
tive basolateral channel. The affinity of the Na*—-K*-2Cl cotransporter for 
sodium and potassium is very high, while it is the delivery of chloride to 
the active site that is rate limiting for transporter activity. The loop diuret- 
ics (furosemide) inhibit sodium chloride reabsorption by competing for the 
Cl binding site on the carrier. 

The lumen positivity generated by potassium recycling is able to drive 
the passive reabsorption of cations (sodium, calcium, and magnesium) 
between the cells across the tight junction. In fact, the cortical aspect of the 
thick ascending limb of Henle is the major site within the nephron at which 


magnesium is reabsorbed. 
ascending limb of Henle by competing for the chloride site on 


> the Na*-K'—-2CI cotransporter. What effect will this have on 


2 | calcium reabsorption in this segment? 


Loop diuretics inhibit sodium chloride reabsorption in the thick 
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Tubular lumen Loop of Henle cell Peritubular capillary 


a-K- 
ATPase j 


Tight junction 


FIGURE 1.3. Schematic model of ion transport in the thick ascending limb of 
the loop of Henle. The lumen-positive potential generated by the recycling of 
potassium promotes the passive reabsorption of sodium, calcium, and magne- 
sium between the cells across the tight junction. 
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Note that the transport in the thick ascending limb is very different from that in 
the proximal tubule. Sodium reabsorption is not linked to organic solutes, since 
almost all of the filtered glucose and amino acids have already been removed. 
In addition, the reabsorption of sodium without water progressively lowers the 
tubular fluid sodium concentration to a minimum of 50 to 75 mEq/L at the end 
of the thick ascending limb (vs. 140 mEq/L in the filtrate and proximal tubule). 


Distal Tubule 


The distal tubule normally reabsorbs 5% to 8% of the filtered sodium 
chloride, with Na*—Cl cotransport being the major mechanism of sodium 
entry (Fig. 1.4). This sodium chloride reabsorption is associated with a reduc- 
tion in the tubular fluid sodium chloride concentration to approximately 
40 mEq/L since, as with the ascending limb, the distal tubule is relatively 
impermeable to water. 

It is this fall in the concentration of chloride, rather than sodium or the 
action of hormones, that limits sodium chloride reabsorption in the loop of 
Henle and the distal tubule. The fall in the luminal chloride concentration 
has two effects that limit continued transport: 


= The activity of the Na*-K'—2Cl and Na‘—CI cotransporters is primarily 
determined by the luminal chloride concentration; thus, a reduction in 
chloride concentration will reduce the rate of sodium chloride entry into 
the cell. Although it is the inward gradient for sodium that appears to pro- 
vide the energy for these transport processes, the attachment of luminal 
chloride to its site on the transporter appears to be of primary importance 
in inducing the conformational change in the transporter that is required 
for solute movement into the cell. 

= The sodium chloride concentration in the peritubular interstitium is simi- 
lar to that in the plasma. Thus, the falling concentration within the lumen 
creates a favorable concentration gradient for the backflux of sodium and 
chloride into the lumen across the tight junctions. 


Reabsorption ceases when the rate of sodium entry into the cell equals 
the rate of backflux. 

The net effect is that transport in the loop of Henle and the distal tubule 
is flow dependent. If, for example, more fluid is delivered to the distal tubule 
because of the administration of a loop diuretic, then more sodium chloride 
can be reabsorbed. This distal response reduces the degree to which a loop 
diuretic can increase sodium excretion. However, inhibiting distal tubule 
Na*—Cl transport (thiazide diuretics) potently augments sodium excretion 
in the presence of a loop diuretic. 


Calcium Transport 
The distal tubule and adjacent segments are the major sites at which 
urinary calcium excretion is actively regulated under the influence of 
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FIGURE 1.4. Schematic representation of the transport mechanisms involved 
in sodium chloride and calcium reabsorption in the distal tubule. 
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parathyroid hormone and calcitriol (1,25 dihydroxy vitamin D, the active 
metabolite of vitamin D). A model for distal calcium reabsorption is shown 
in Figure 1.4. Calcium is able to enter the cell down a favorable electrochem- 
ical gradient through apical calcium channels and a vitamin D-dependent 
calcium-binding protein. The cell has a low calcium concentration, and 
the Na*-K*-ATPase maintains the electronegative cell interior providing a 
favorable electrochemical gradient for calcium reabsorption. Once within 
the cell, calcium may be bound to a calcitriol-dependent calcium-binding 
protein. Extrusion of calcium across the basolateral membrane occurs pre- 
dominantly as a 3Na*—1Ca** exchanger in which the inward gradient for 
sodium entry (as favorable at the basolateral as it is at the luminal mem- 
brane) is used to drive calcium exit. Some calcium may also exit through a 
basolateral Ca*-ATPase. 


Collecting Ducts 


The collecting ducts provide the final regulation of sodium excretion by 
reabsorbing the final 2% to 3% of the filtered sodium. The collecting ducts 
contain a variety of cell types. The principal cells in the cortical collecting 
duct and the cells in the inner medullary collecting duct play an impor- 
tant role in sodium and water reabsorption and in potassium secretion. In 
comparison, the intercalated cells in the cortex and the cells in the outer 
medulla are primarily involved in the regulation of acid-base balance (see 
Chapter 5). 

Sodium entry in the collecting ducts occurs through selective sodium 
channels in the apical membrane (Fig. 1.5). This movement of sodium with- 
out chloride is electrogenic, creating a lumen-negative gradient that pro- 
motes the reabsorption of chloride between the cells and the secretion of 
potassium through selective potassium channels. 

The number of open sodium channels is under hormonal control, being 
affected by aldosterone and by atrial natriuretic peptide (ANP). Aldosterone 
enhances sodium reabsorption by increasing the number of open sodium chan- 
nels per cell from <100 to approximately 3,000 with maximal stimulation. The 
net effect is that, when volume depletion activates the renin—angiotensin- 
aldosterone system, the urine sodium concentration can be reduced to 
<1 mEq/L by collecting duct reabsorption. 

ANP, on the other hand, acts primarily in the inner medulla, decreasing 
sodium reabsorption by reducing the number of open sodium channels. (The 
interaction between these opposing hormones—aldosterone and ANP—in 
the regulation of sodium balance is reviewed in Chapter 2.) 

Aldosterone-induced entry of sodium into the cell also promotes 
the secretion of potassium from the cell into the lumen. Two factors con- 
tribute to this response: the increasing luminal electronegativity and 
aldosterone-stimulated Na*—K*-ATPase activity at the basolateral mem- 
brane leading to enhanced sodium excretion and increased intracellular 
potassium (Fig. 1.5). 
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FIGURE 1.5. Schematic model of the transport pathways and hormonal 
factors—aldosterone, atrial natriuretic peptide (ANP), and antidiuretic hormone 
(ADH)—involved in sodium, potassium, and water handling in the collecting 
ducts. Aquaporin (AQP), vasopressin (V2), protein kinase A (PKA), different cells, 
such as the intercalated cells in the cortical collecting duct, are involved in the 
regulation of acid-base balance (see Chapter 5). 
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Water Transport 

As described above, the proximal tubule and descending limb are water per- 
meable while the thick ascending limb and distal tubule are not. As such, the 
reabsorption of sodium without water results in a dilute fluid leaving these 
segments. Under basal conditions, the collecting ducts are relatively imper- 
meable to water since there are few aquaporins in the apical membrane. 
Water reabsorption, however, is under the control of antidiuretic hormone 
(ADH). When ADH release is increased, a sequence of events is initiated that 
includes attachment to the V, vasopressin receptor in the basolateral mem- 
brane, activation of adenylyl cyclase by heterotrimeric G protein (Gs), Gs, 
and insertion of cytosolic vesicles containing preformed aquaporin-2 water 
channels into the apical membrane. Water entering the cell readily reaches 
the circulation through constitutively expressed basolateral aquaporin-3 
and -4 water channels (Fig. 1.5). 


Countercurrent Mechanism 


Although the glomerular filtrate has the same osmolality as that of the 
plasma, water intake is so variable that the excretion of isosmotic urine is 
usually not desirable. After a water load, for example, water must be excreted 
in excess of solute in dilute urine that is hypo-osmotic to plasma. On the 
other hand, water must be retained and a hyperosmotic or concentrated 
urine must be excreted after a period of water restriction. 

The excretion of dilute or concentrated urine is achieved via the coun- 
tercurrent mechanism, which includes the loop of Henle, the cortical and 
medullary collecting ducts, and the blood supply to these segments. Although 
a complete discussion of this process is beyond the scope of this chapter, it 
is useful to review briefly the major steps involved. The role of ADH in the 
maintenance of water balance is presented in Chapter 2. 

The excretion of concentrated urine (osmolality relative to plasma; 
can approach from 1,000 to 1,200 mOsm/kg in humans) requires the estab- 
lishment and maintenance of a hypertonic medullary interstitium (up to 
1,200 mOsm/kg). The hairpin configuration of the loop of Henle and the 
unique microcirculation of the vasa recta that parallels the loop are essential 
for this process (Fig. 1.6). The factors resulting in countercurrent multipli- 
cation (countercurrent refers to the opposite direction of urine flow in the 
ascending and descending limbs) are the different water permeabilities and 
solute transport characteristics in the two limbs. 

The descending limb is permeable to water but not to ions, whereas the 
ascending limb (both thin and thick) is permeable to ions but not to water. 
The only active step in countercurrent multiplication is NaCl reabsorption in 
the thick ascending limb through the Na*—K*—2CI cotransporter. In contrast, 
only passive solute transport occurs in the descending and thin ascending 
limbs. For the sake of simplicity, it will be assumed that both the thin and 
thick ascending limbs function in a homogeneous manner. The efficiency 
of countercurrent multiplication varies directly with the length of the loop 
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FIGURE 1.6. Relationship of vasa recta to tubule segments and counter current 
mechanism depicting the events in the renal medulla involved in the excretion 
of concentrated urine. The transport of sodium chloride without water from the 
ascending limb of the loop of Henle makes the tubular fluid dilute and the med- 
ullary interstitium and descending limb of the loop of Henle concentrated. The 
key points are as follows: (1) The descending limb is freely permeable to water 
(but not ions) and therefore able to equilibrate osmotically with the interstitium. 
(2) Active sodium chloride transport in the ascending limb maintains a gradient 
of approximately 200 mOsm/kg at each level. The ascending limb (and distal 
tubule; not shown) are impermeable to water. As urine flows down the descend- 
ing limb, the urine concentrates and the interstitium maintains this 200 mOsm/kg 
gradient. The fluid leaving the medulla in the ascending limb has an osmolal- 
ity of 200 mOsm/kg (less than plasma due to the active NaCl transport). In the 
presence of antidiuretic hormone (ADH), water is then reabsorbed in the cortical 
collecting duct by osmotic equilibration with the cortical interstitium, which has 
an osmolality similar to plasma (285 mOsm/kg). As a result, the fluid returning to 
the medulla in the medullary collecting duct is isosmotic to plasma. However, the 
osmolality of urine gradually rises in the collecting duct (in the presence of ADH) 
as the tubular fluid equilibrates with the medullary interstitium. 
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of Henle, so those nephrons with long loops that descend into the inner 
medulla are the most effective at generating a wide osmolar gradient. 

The process starts in the thick ascending limb with active removal of 
NaCl out of the urine and into the interstitium. The sodium gradient that the 
Na*-K*—2CI cotransporter can maintain is about 200 mOsm/kg. Therefore, 
the interstitium becomes hypersomolar resulting in water diffusion out of the 
descending limb. This process concentrates the urine in the descending limb 
and the resulting water removal tends to lower the intersitital osmolality. 
However, continued sodium transport in the ascending limb reestablishes 
the 200 mOsm/kg gradient, and as urine flows down the descending limb, it 
becomes more concentrated. This process is summarized in Figure 1.6. 

The excretion of concentrated urine begins with generation of the inter- 
stitial osmotic gradient as described above. The configuration of the tubule 
results in the collecting duct descending into the medulla in parallel with the 
loop of Henle (Fig. 1.6). As a result, the increasing osmolality gradient through 
the cortex and medulla generated by the countercurrent mechanism in the 
loop of Henle is also in equilibrium with the collecting duct. Unlike any other 
nephron segment, the collecting duct is dramatically responsive to ADH 
permitting it to be highly permeable to water in the presence of ADH, but 
impermeable in the absence of ADH. ADH activation of the V, receptor stim- 
ulates Ga’s and adenylyl cyclase leading to insertion of aquaporin-2 water 
channels from preformed vesicles into the apical membrane (Fig. 1.5). In the 
presence of ADH, urinary concentration within the collecting duct can reach 
levels approaching the interstitial concentrations at the papilla (bottom of 
the loop of Henle). The increase in urine osmolality varies with the circulat- 
ing concentration of ADH. The role of the cortical collecting duct is essential 
to the production of concentrated urine. If the only processes were sodium 
chloride reabsorption without water in the medullary ascending limb and 
water reabsorption without sodium chloride in the medullary collecting 
duct, the excreted urine would essentially be isosmotic to plasma. This does 
not occur because most of the water is removed in the cortex. This marked 
reduction in water delivery to the medullary collecting duct allows osmotic 
water reabsorption to take place in the medulla without substantial washout 
of the interstitial osmotic gradient. 

In the absence of ADH, the collecting duct is not permeable to water, 
allowing excretion of dilute urine without affecting medullary osmolality. 
After a maximum water load, for example, the urine osmolality in normal 
subjects can be reduced to as low as 30 to 60 mOsm/kg (as compared with a 
plasma osmolality of 280 to 290 mOsm/kg). 

In addition to these basic steps, the hairpin (or loop) configuration of 
the vasa recta capillaries plays an important contributory role by minimiz- 
ing removal of the excess medullary interstitial solute. The descending vasa 
recta enters the medulla at the corticomedullary junction and flows down to 
the tip of the papilla; it then turns around and becomes the ascending limb, 
which returns to the cortex. If the vasa recta continued straight through the 
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medulla, then osmotic equilibration with the hyperosmotic medulla—by 
osmotic water movement out of the capillary into the interstitium and by 
interstitial solute movement into the capillary—would dissipate the coun- 
tercurrent gradient and decrease concentrating ability. Although this does 
occur in the descending limb of the vasa recta, these processes are reversed 
as the direction of flow is reversed in the ascending limb. The net effect is 
that the fluid leaving the medulla is only slightly hyperosmotic to plasma and 
medullary tonicity is maintained. 


Glomerular Filtration Rate 


Estimation of GFR is an essential part of the assessment of patients with 
kidney disease. The total kidney GFR is equal to the sum of the filtra- 
tion rates in all of the functioning nephrons and there are approximately 
one million nephrons per kidney; as a result, total GFR is an index of the 
functioning renal mass. Thus, estimation of GFR can be used to evaluate the 
severity and the course of renal disease. For example, a fall in GFR means 
that the disease is progressing, whereas a rise in GFR is indicative of at least 
partial recovery. 


Determinants of Glomerular Filtration 


As with other capillaries, fluid movement across the glomerulus is governed 
by Starling’s law, being determined by the net permeability of the glomerular 
capillary wall and the hydraulic and oncotic pressure gradients, 
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GFR = LpS (A hydraulic pressure — A oncotic pressure) 
= LpS((P,— P.)-s (1,- 1,)] 


where Lp is the unit permeability (or porosity) of the capillary wall, S is the 
surface area available for filtration, P, and P are the hydraulic pressures in 
the glomerular capillary and Bowman's space, I, and IT,, are the oncotic 
pressures in the plasma entering the glomerulus and Bowman's space, and 
s represents the reflection coefficient of proteins across the capillary wall 
(with values ranging from 0 if completely permeable to 1 if completely imper- 
meable). Since the filtrate is essentially protein free, IT, is 0 ands is 1. Thus, 


GFR=LpS (P, - P,.—Il,) (Eq. 1) 

A reduction in GFR in disease states is most often due to a decrease in 
net permeability resulting from a loss of filtration surface area induced by 
some form of glomerular injury. In normal subjects, however, GFR is primarily 
regulated by alterations in P that are mediated by changes in glomerular 
arteriolar resistance. The P: also plays a role in renal disease. For example, 
the initial fall in glomerular permeability in glomerular disease does not nec- 
essarily lead to reduction in GFR. In this setting, changes in arteriolar resis- 
tance can increase the P , thereby raising the gradient favoring filtration and 
at least in part overcoming the effect of decreased permeability. 


Arteriolar Resistance and Glomerular Filtration Rate 

The glomerular capillaries are interposed between two arterioles: the affer- 
ent or precapillary arteriole and the efferent or postcapillary arteriole. As a 
result, the P, is governed by the interplay between three factors: the aortic 
pressure perfusing the kidney; the afferent resistance, which determines the 
degree to which the renal arterial pressure is transmitted to the glomerulus; 
and the efferent resistance (Fig. 1.7). If, for example, the P, must rise to coun- 
teract a reduction in glomerular permeability, this can be achieved by affer- 
ent dilation and/or efferent constriction. 

Arteriolar resistance is not only partially under intrinsic myogenic 
control but can also be influenced by other factors, including tubuloglo- 
merular feedback, angiotensin II, norepinephrine, and other hormones 
(Chapter 2). 


Autoregulation. In view of the importance of P, it might be assumed that 
small variations in arterial pressure could produce large changes in glomeru- 
lar filtration. However, GFR (and renal plasma flow) is almost constant over 
a relatively wide range of renal arterial pressures (Fig. 1.8). This phenom- 
enon, which is also present in other capillaries, is called autoregulation. 
Autoregulation in most capillaries is mediated by changes in precapillary 
resistance. In the kidney, for example, an increase in afferent arteriolar tone 
can, when perfusion pressure rises, prevent the elevation in pressure from 
being transmitted to the glomerulus, thereby preventing any significant 
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FIGURE 1.7. Relationship between glomerular arteriolar resistance, glomeru- 
lar filtration rate (GFR), and renal plasma flow (RPF). Constriction of the afferent 
arteriole increases renal vascular resistance (thereby reducing RPF) and decreases 
the intraglomerular pressure and GFR, since less of the arterial pressure is trans- 
mitted to the glomerulus (A). Constriction of the efferent arteriole also lowers RPF 
but tends to elevate the intraglomerular pressure and GFR (B). Arteriolar dilation 
has the opposite effects. 
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FIGURE 1.8. Autoregulation of glomerular filtration rate (GFR), expressed as a 
percentage of control values, as the renal artery pressure is reduced from a base- 
line level of 125 mmHg in dogs. The squares represent control animals in which 
GFR was maintained until renal perfusion pressure was markedly reduced. The 
circles represent animals given an intrarenal infusion of an angiotensin II antago- 
nist. In this setting, GFR is less well maintained. Although not shown, autoregula- 
tion also applies when renal artery pressure is initially raised. 
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change in P, and GFR. Conversely, GFR can be preserved by afferent dilation 
when renal perfusion pressure falls. 

However, the mechanism of autoregulation of GFR is more complex. 
Angiotensin II makes an important contribution when renal perfusion pres- 
sure falls, a situation in which the renin-angiotensin system is activated. 
Angiotensin II preferentially increases the resistance at the efferent arteriole, 
thereby preventing the P, from declining in the presence of hypotension. 

The contribution of angiotensin II to autoregulation can be seen in 
Figure 1.8. In normal animals, GFR begins to fall only when there is a marked 
reduction in renal perfusion pressure; this limitation presumably is due in 
part to maximal dilation of the afferent arteriole. In comparison, GFR begins 
to fall at a higher perfusion pressure in animals pretreated with an angioten- 
sin II antagonist. Even in this situation, however, the ability to autoregulate is 
maintained with the initial reduction in renal perfusion pressure. This auto- 
regulation at mild reductions in perfusion pressure is mediated by tubuloglo- 
merular feedback (see next section) and the stretch receptors. 


Narrowing of the renal arteries (renal artery stenosis) is a 
relatively common cause of severe or refractory hypertension, and 
is usually due to atherosclerotic lesions in older patients. What 
EJ should happen to GFR in a stenotic kidney as BP is lowered with 
antihypertensive agents that act independently of angiotensin II? 
Would the response be different if any angiotensin-converting enzyme 
inhibitor, which decreases the formation of angiotensin Il, were given? 


Tubuloglomerular Feedback. GFR is in part autoregulated by the rate of 
fluid delivery to the specialized cells in the macula densa, which begins at 
the end of the cortical thick ascending limb of the loop of Henle. These cells 
sense changes in the delivery and subsequent reabsorption of chloride, a 
process mediated by the Na‘—-K*—2CI cotransporter in the apical membrane 
(Figs. 1.3 and 1.9). If, for example, a reduction in renal perfusion pressure 
initially lowers GFR, less chloride will be delivered to the macula densa; this 
will initiate a local response [via a mechanism that may involve adenos- 
ine and/or local production of nitric oxide] leading sequentially to afferent 
arteriolar dilatation, a rise in P, and returning GFR toward normal. This 
restores macula densa flow (hence the name tubuloglomerular feedback). 
Conversely, the afferent arteriole will constrict and GFR will fall in the pres- 
ence of a rise in renal perfusion pressure that increases GFR. 

These observations suggest that a major function of autoregulation 
is not only to maintain GFR but also to maintain distal flow at a relatively 
constant rate. As described above, the bulk of the filtrate is reabsorbed in 
the proximal tubule and loop of Henle, while the final qualitative changes 
(sodium and water reabsorption, potassium secretion) are made in the col- 
lecting ducts. However, the collecting ducts have a relatively limited total 
reabsorptive capacity. Thus, autoregulation of GFR and distal flow prevents 
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FIGURE 1.9. Juxtaglomerular apparatus and macula densa in tubuloglomeru- 
lar feedback. The juxtaglomerular apparatus and macula densa cells at the begin- 
ning of the distal tubule are in close proximity. Chloride delivery is sensed by the 
Na*-K*-2Cl cotransporter in the thick ascending limb and feedback regulates 
GFR. Renin release is also regulated at this site (see Chapter 2). 


distal reabsorptive capacity from being overwhelmed, a problem that could 
lead to potentially life-threatening losses of sodium and water. 

It is important to recognize that the macula densa cells have at least 
two different functions: mediation of tubuloglomerular feedback and regu- 
lation of renin release by the juxtaglomerular cells in the afferent arteriole 
(see Chapter 2). A fall in distal chloride delivery will cause afferent dilatation 


> 
b0 
lE 
[0] 
T 
a 
E= 
[pE 
T 
& 
v 
fe 
_ 
fe) 
= 
& 
> 
v 
fas 


CHAPTER 1 


22 Renal Pathophysiology: The Essentials 


by tubuloglomerular feedback and increased secretion of renin, leading 
to efferent constriction. Both of these changes will tend to increase GFR, 
thereby raising macula densa flow toward normal. 

The intrarenal effects of autoregulation and tubuloglomerular feedback 
are important in the day-to-day regulation of renal hemodynamics in nor- 
mal subjects. These processes also help prevent a rise in GFR with systemic 
hypertension or a reduction in GFR with selective renal ischemia due to renal 
artery stenosis. 


A primary glomerular disease will tend to lower GFR by 
decreasing the surface area available for filtration. What will be 
the autoregulatory response to this change? 


Neurohumoral Influences. A reduction in renal perfusion pressure in 
patients is most often due to effective circulating volume depletion (as with 
gastrointestinal fluid losses or congestive heart failure; see Chapter 2), rather 
than to selective renal ischemia. In these disorders, systemic hypoperfusion 
leads to increased release of the vasoconstrictors angiotensin II and norepi- 
nephrine. The former increases resistance at the efferent arteriole more than 
at the afferent arteriole, whereas norepinephrine affects both the arterioles 
to a similar degree. The net effect is renal vasoconstriction (not vasodilata- 
tion as with pure autoregulation), a potentially marked reduction in renal 
plasma flow, and a slight fall or even no change in GFR due to the effect of 
efferent constriction. This is a physiologically appropriate adaptation since it 
preferentially shunts blood to the critical coronary and cerebral circulations, 
while maintaining GFR and therefore excretory capacity. 

These vasoconstrictive effects are antagonized by renal vasodilator 
prostaglandins. Angiotensin II and norepinephrine stimulate glomerular 
prostaglandin production. The ensuing prostaglandin-induced decrease in 
arteriolartoneprevents excessiverenalischemia. Thisadaptationisimportant 
clinically because of the widespread use of nonsteroidal anti-inflammatory 
drugs to treat arthritis and other conditions. These drugs inhibit prosta- 
glandin production and can produce an acute decline in GFR (acute renal 
failure) in susceptible subjects who are volume depleted and who therefore 
have relatively high levels of angiotensin II and norepinephrine. On the other 
hand, normal subjects are at little risk since, in the absence of high levels of 
vasoconstrictors, the rate of renal prostaglandin production is relatively low. 


Clinical Estimation of Glomerular Filtration Rate 


As described above, the estimation of GFR is used clinically to assess the 
severity and course of renal disease. Measurement of GFR relies on the 
concept of clearance. Consider a compound such as the polysaccharide 


CHAPTER 1 Review of Renal Physiology 23 


inulin (not insulin) or a radioisotope, such as iothalamate, with the following 
properties: 


1 Able to achieve a stable plasma concentration 
2 Freely filtered at the glomerulus 
3 Not reabsorbed, secreted, synthesized, or metabolized by the kidney 


With these characteristics, 
Filtered inulin = excreted inulin 


The filtered inulin is equal to the GFR times the plasma inulin concen- 
tration (P ), and the excreted inulin is equal to the product of the urine inu- 
lin concentration (U) and the urine flow rate (V, in milliliters per minute or 
liters per day). Therefore, 


GFRXP =U, xV 
GFR=[U „x VP, (Eq. 2) 


The term (U, x V)/P_ is called the clearance of inulin and is an accu- 
rate estimate of GFR. The inulin clearance, in mL/min, refers to that volume 
of plasma cleared of inulin by renal excretion in 1 minute. If, for example, 
1.2 mg of inulin is excreted per minute (U, x V) and the P is 1.0 mg/dL 
(or to keep the units consistent, 0.01 mg/mL), then the clearance of inulin is 
1.2 mg/min+0.1 mg/mL = 120 mL/min; that is, 120 mL of plasma has been 
cleared by urinary excretion of the 1.2 mg of inulin that it contained. 


Creatinine Clearance 

Although accurate, performance of the inulin or radioisotopic clearance 
is too cumbersome and expensive for routine clinical use. The most com- 
mon method used to obtain an estimate of measured GFR is the endogenous 
creatinine clearance: 


Creatinine clearance = |U x V |/P, (Eq. 3) 


Creatinine is derived from the metabolism of creatine in skeletal muscle. 
Like an inulin infusion, it has a relatively stable plasma concentration, it 
is freely filtered at the glomerulus, and it is not reabsorbed, synthesized, 
or metabolized by the kidney. However, a variable quantity of creatinine is 
secreted into the urine in the proximal tubule. As a result, creatinine excretion 
exceeds creatinine filtration by 10% to 20% in normal subjects; thus, creatinine 
clearance will tend to overestimate GFR by the same 10% to 20%. Creatinine 
clearance is usually determined by using venous blood for the plasma creati- 
nine concentration and a 24-hour urine specimen for the urine volume and 
urine creatinine concentration. The normal values for creatinine clearance in 
adults are 95 + 20 mL/min in women and 120 + 25 mL/min in men. 
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Limitations. Two errors can occur with creatinine clearance. The first is 
underestimation of the true GFR due to an incomplete urine collection by 
the patient. The relative constancy of creatinine production and therefore of 
creatinine excretion in the steady state can be used to assess patient compli- 
ance. Creatinine production varies directly with muscle mass (which falls 
with age) and to a lesser degree with meat intake (which is a source of creati- 
nine). In adults under the age of 50, daily creatinine excretion should be from 
20 to 25 mg/kg (177 to 221 umol/kg) of lean body weight in men and from 
15 to 20 mg/kg (133 to 177 mol/kg) of lean body weight in women. From 
the ages of 50 to 90, there is a progressive decline in creatinine excretion, 
due primarily to a fall in muscle mass. Values much below expected levels 
suggest an incomplete collection or severe malnutrition leading to a loss of 
muscle mass. 


A 43-year-old woman weighing 65 kg is being evaluated for 
possible renal disease. Plasma creatinine concentration is 
1.2 mg/dL, urine volume in the 24-hour urine collection is 
5 | 1080 mL, and the urine creatinine concentration is 72 mg/dL. 
Calculate the creatinine clearance in mL/min. Does the rate of 
creatinine excretion suggest that this is a complete urine collection? 


As mentioned, a second frequent error is overestimation of GFR due to cre- 
atinine secretion. Although creatinine secretion accounts for only about 
15% of urinary creatinine when GFR is normal, the secretory pump is not 
yet saturated. As a result, the rise in plasma creatinine concentration that 
accompanies a fall in GFR leads to more creatinine secretion, which can ulti- 
mately account for as much as 35% of urinary creatinine in advanced dis- 
ease. In this situation, creatinine clearance can markedly overestimate the 
true GFR, masking the severity and perhaps even the presence of a decline 
in renal function. In one study, for example, creatinine clearance was normal 
(>90 mL/min) in one-half of patients with a true GFR of 61 to 70 mL/min and 
in one-quarter of patients with a true GFR as low as 51 to 60 mL/min. 

It has been suggested that, in patients with moderate to advanced dis- 
ease, a more accurate estimate of GFR can be obtained by averaging creat- 
inine and urea clearances. Urea, an end product of protein metabolism, is 
filtered and then about 50% is reabsorbed. Thus, urea clearance will under- 
estimate GFR, a change that will counteract overestimation by creatinine 
clearance when the two values are averaged. 


Plasma Creatinine Concentration and Glomerular Filtration Rate 

Exact knowledge of GFR is not required in most clinical conditions. Plasma 
levels of some drugs normally excreted by the kidneys can be monitored for 
potentially toxic effects (such as digoxin or an aminoglycoside antibiotic). 
In patients with renal disease, on the other hand, it is important to know 
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roughly how much function has been lost and whether GFR is changing; this 
can be usually determined from measurement of plasma creatinine concen- 
tration alone, a much simpler test than creatinine clearance. 

In a subject in the steady state in whom plasma creatinine concentration 
is stable, 


Creatinine excretion = Creatinine production 


Creatinine excretion is approximately equal to the amount of creatinine 
filtered—GFR x plasma creatinine concentration (P )—whereas the rate of 
creatinine production is relatively constant. If these substitutions are made 
in the above equation, then 


GFR x P = Constant 
P „= Constant/GFR 


Thus, plasma creatinine concentration varies inversely with GFR. If, for 
example, GFR falls by 50%, creatinine filtration and subsequent excretion 
will also be diminished. As a result, newly produced creatinine will accumu- 
late in the plasma until the filtered load again equals the rate of production. 
This will occur when plasma creatinine concentration has increased twofold, 
excluding the contribution from creatinine secretion: 


GFR/2 x 2P = GFR x P = Constant 


In adults, the range for normal plasma creatinine concentration is from 
0.8 to 1.3 mg/dL in men and from 0.6 to 1.0 mg/dL in women (women have 
a smaller muscle mass and therefore a lower rate of creatinine production). 
Creatinine production can also be influenced by the intake of meat, which 
contains creatine, the precursor of creatinine. For example, plasma creati- 
nine concentration can fall by as much as 15% by switching to a meat-free 
diet, without any change in GFR. 

The idealized reciprocal relationship between GFR and plasma creati- 
nine concentration is shown by the solid curve in Figure 1.10. There are three 
points to note about this relationship: 


1 The relationship is valid only in the steady state when plasma creatinine 
concentration is stable. If, for example, GFR suddenly ceases, plasma cre- 
atinine concentration will still be normal for the first few hours because 
there has not been time for nonexcreted creatinine to accumulate. 

2 The shape of the curve is important, since there is a variable relation 
between a change in plasma creatinine concentration and the degree 
of change in GFR. An apparently minor elevation in plasma creatinine 
concentration from 1.0 up to 1.5 mg/dL reflects a major fall in GFR from 
120 down to 80 mL/min. In comparison, a more prominent increase in 
plasma creatinine concentration from 5 up to 10 mg/dL in a patient with 
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FIGURE 1.10. Relationship between true GFR (as measured by inulin clear- 
ance) and plasma creatinine concentration in 171 patients with glomerular 
disease. The green circles joined by the solid line represent the relationship that 
would exist if creatinine were excreted solely by glomerular filtration; the dotted 
line represents the upper limit of “normal” for plasma creatinine concentration 
of 1.4 mg/dL. In the patients (dark circles), however, variations in GFR between 
60 and 120 mL/min were often associated with a plasma creatinine concentration 
that remained well within the normal range due to increased creatinine secretion. 
The latter becomes saturated at a plasma creatinine concentration above 1.5 to 
2 mg/dL; as a result, plasma creatinine concentration rises as expected with fur- 
ther reductions in GFR. 


advanced renal failure represents a relatively small absolute decline in 
GFR from 24 down to 12 mL/min. Since creatinine production is assumed 
to be constant, the relationship between plasma creatinine concentration 
and GFR can be used to estimate the GFR at a new steady state creatinine 
concentration. For example, Ifa plasma creatinine concentration of 5mg/ 
dl corresponds to a GFR of 20, then a creatinine of 8mg/dl will correspond 
to a GFR of 12.5. 

3 The shape of the curve is also dependent upon the rate of creatinine produc- 
tion, which is mostly determined by muscle mass. The horizontal dashed 
line in Figure 1.10 shows that a plasma creatinine concentration of 1.0 mg/ 
dL represents a range of creatinine clearances from 30 to 130 mL/min. 
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This extreme range reveals the necessity of interpreting the plasma creati- 
nine in the context of the age and weight of the patient. A serum creatinine 
of 1.0 mg/dL may reflect a GFR of 120 mL/min in a young muscular man, 
whereas an older frail women who has much less muscle may have a much 
lower GFR at the same plasma creatinine concentration. The following 
formula has been used to account for the effects of body weight and age on 
muscle mass and therefore on the relationship between plasma creatinine 
concentration and GFR: 


(140 — age) x lean body weight (in kg) fen di 
P (in mg/dL) x 72 T 


Creatinine clearance = 


This value should be multiplied by 0.85 in women in whom a lesser frac- 
tion of body weight is composed of muscle. 

Using this formula, which correlates fairly closely with a simultaneously 
measured creatinine clearance, we can see that a seemingly normal plasma 
creatinine concentration of 1.0 mg/dL represents a creatinine clearance of 
only 36 mL/min in a 50-kg, 80-year-old woman. Similar findings can be dem- 
onstrated in malnourished patients, such as those with advanced hepatic 
cirrhosis. 

More recently, the Modification of Diet in Renal Disease study equa- 
tion has been adopted by most clinical laboratories to express an esti- 
mated GFR (eGFR) along with serum creatinine. The original equation that 
was correlated with iothalamate GFR containing six variables has been 
simplified to 


GFR (in mL/min/1.73 m’) = 175 x S „(exp|- 1.154) 
x Age(exp[-— 0.203]) x (0.742 if female) 
x (1.21 if African American) (Eq. 5) 


Web sites are available to aid in the calculation of the GFR through 
these formulas. These include www.kidney.org/professionals/KDOQI/gfr_ 
calculator.cfm. 

However, this equation was derived from white patients with nondi- 
abetic kidney disease and is less precise in obese patients, patients with 
normal or near-normal GFR, and other ethnic populations. 


A 76-year-old man who weighs 70 kg has been unable to 

urinate for several days due to obstruction of the urethra by an 

enlarged prostate. Back pressure up the nephron will raise the 

intratubular pressure and cause GFR to fall to very low levels. 

A catheter is placed in the bladder to relieve the obstruction. 
Over the next 24 hours, plasma creatinine concentration falls from 6 mg/dL 
to the previous baseline of 1.3 mg/dL. What accounts for this reduction in 
plasma creatinine concentration? 
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Limitations. Significant disease progression can occur with little or no eleva- 
tion in plasma creatinine concentration, particularly in patients with a GFR 
above 60 mL/min. Three factors can contribute to this problem, two of which 
prevent or minimize any reduction in GFR and one of which minimizes the 
rise in plasma creatinine concentration when GFR does fall: 


= As discussed in Question 4, glomerular diseases can cause a substantial 
decline in glomerular permeability by decreasing the surface area avail- 
able for filtration. Nevertheless, GFR is initially maintained at normal or 
near-normal levels by a compensatory elevation in intraglomerular pres- 
sure that may be mediated by tubuloglomerular feedback. 

= Nephron loss of any cause leads to a compensatory elevation in GFR above 
normal in the remaining nephrons with more normal function. As many 
as 25% to 30% of nephrons can be lost with little or no reduction in GFR 
because of this adaptation. Even the loss of one kidney leads to a fall in 
total GFR of only 20% to 25%. This means that the filtration rate in each 
glomerulus in the remaining kidney must increase by an average of 50%. 

= Once GFR does fall, the rise in plasma creatinine concentration will, as 
described above, be minimized by increased creatinine secretion. 


The potential effect of enhanced creatinine secretion is illustrated in 
Figure 1.10. Although a fall in GFR from 120 to 60 mL/min should ideally 
induce a doubling of plasma creatinine concentration, many patients have 
only a small increase (as little as 0.1 to 0.2 mg/dL) in plasma creatinine con- 
centration. Thus, a stable value within the normal or high-normal range does 
not necessarily reflect stable disease. However, plasma creatinine concen- 
tration rises as expected with reductions in GFR in more advanced disease 
(plasma creatinine concentration >1.5 to 2 mg/dL), presumably due to satu- 
ration of the secretory mechanism. 


Blood Urea Nitrogen and Glomerular Filtration Rate 


Changes in GFR can also be detected by alterations in the concentration of 
urea in the blood, measured as blood urea nitrogen (BUN). Like plasma cre- 
atinine concentration, BUN is excreted by glomerular filtration and tends to 
vary inversely with GFR. 

However, this relationship is less predictable, since two factors can affect 
BUN without a change in GFR (or plasma creatinine concentration). First, 
urea production is not constant. Urea is formed from the hepatic metabolism 
of amino acids that are not utilized for protein synthesis. Amino acid deami- 
nation leads to the generation of ammonia (NH,), which is then converted 
into urea in a reaction that can be summarized by the following reaction: 


2NH,+ CO, > H,O + H,N— CO - NH, (urea) 


Thus, urea production and BUN increase with a high-protein diet or 
enhanced tissue breakdown; conversely, a low-protein diet or liver disease 
will lower urea production and BUN. 
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Second, approximately 50% of the filtered urea is reabsorbed, much of 
which occurs in the proximal tubule as urea movement passively follows the 
reabsorption of sodium and water. Thus, increased proximal reabsorption as 
appropriately occurs in hypovolemic states will raise BUN out of proportion 
to any change in GFR or plasma creatinine concentration (see Chapter 11 for 
a discussion of how this relationship can be useful in the differential diagno- 
sis of acute renal failure). 


ANSWERS TO QUESTIONS Ž Ž Ž Ž Ž Ž Ž Ž Ž Ž Ž Ž Ž Ž Ž~—— 


1| Increased reabsorption of sodium and water will raise the tubular fluid urea 

concentration, resulting in enhanced passive urea reabsorption. This will 
reduce urea excretion, thereby increasing the BUN concentration. This selective 
elevation in BUN is, in the appropriate clinical setting, suggestive of volume 
depletion and decreased renal perfusion as the cause of renal dysfunction, rather 
than intrinsic renal disease (see Chapter 11). 


EJ Calcium reabsorption will fall because the decrease in Na+—K+-—2Cl- cotrans- 

port will result in less potassium recycling and therefore a diminution in the 
lumen-positive electrical gradient that drives passive calcium transport in this 
segment. This ability to increase calcium excretion makes a loop diuretic a key 
component of therapy for hypercalcemia. 


EJ The intrarenal pressure distal to the stenosis should be lower than the arte- 

rial pressure. As a result, lowering systemic blood pressure will further 
reduce intrarenal pressure to below normal. Nevertheless, autoregulation will 
maintain GFR unless the stenosis is so severe or the systemic pressure is lowered 
so much that intraglomerular pressure falls below the autoregulatory range. The 
administration of an angiotensin-converting enzyme inhibitor will tend to lower 
GFR by blocking angiotensin Il-mediated regulation at the efferent arteriole. 
Therefore, the combination of reduced afferent flow distal to the stenosis and 
inhibition of normal efferent regulatory mechanisms by angiotensin-converting 
enzyme inhibitor can lead to acute renal failure (if bilateral renal artery stenoses or 
unilateral stenosis in a solitary kidney). 


| 4 | The fall in GFR will lead sequentially to decreased fluid delivery to the mac- 

ula densa, activation of tubuloglomerular feedback, afferent arteriolar dila- 
tation, and a rise in intraglomerular pressure that will return GFR and macula densa 
flow toward normal. Thus, estimation of GFR will underestimate the severity of 
glomerular disease, since substantial damage can occur without any significant fall 
in GFR. In addition, the compensatory elevation in intraglomerular pressure may 
be maladaptive over the long term, since intraglomerular hypertension can pro- 
duce progressive glomerular injury independent of the activity of the underlying 
disease (see Chapter 12). 


Creatinine clearance is 45 mL/min: Total urine creatinine is 1080 mL/24 h x 
72 mg/dL = 777 mg/24 h, 


_ 777 mg/24h 
Creatinine clearance = ——————-_ = 647.5dL/24h 
1.2mg/dL 


= 64,750mL/1440 min = 45mL/min 
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which is about one-half the expected value. Total creatinine excretion of 
777 mg is well below the expected 15 to 20 mg/kg (975 to 1,300 mg) suggesting 
an incomplete collection. 


6 | The very low GFR during the period of almost complete urinary tract 

obstruction caused creatinine to accumulate in the plasma. Relief of the 
obstruction allowed GFR to return to near-normal levels. However, a normal GFR 
at a plasma creatinine concentration that is more than four times greater than 
normal (6 vs. 1.3 mg/dL) means that the filtered creatinine load is also initially 
more than four times normal, and therefore more than four times the rate of cre- 
atinine production. As a result, plasma creatinine concentration will fall toward 
normal. 
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REGULATION OF SALT 
AND WATER BALANCE 


CASE PRESENTATION 


A 63-year-old woman is noted to have mild essential hypertension on a routine 
office visit. She is started on a salt-restricted diet, but little antihypertensive effect 
is noted. As a result, 25 mg of hydrochlorothiazide—a thiazide-type diuretic that 
inhibits sodium chloride reabsorption in the distal tubule—is added. Five days 

D later, she is noted to be lethargic and feeling very weak. 
‘<j Physical examination reveals a tired woman in no acute distress. Her blood 
œ pressure is now 130/85 and her weight is 2.5 kg below her baseline value. The 
_ remainder of the examination is unremarkable; there are no focal neurologic 

findings. 
Initial laboratory data reveal the following: 


BUN = 42 mg/dL (9-25) 
Creatinine = 1.2 mg/dL (0.8-1.4) 

Na = 134 mEq/L (136-142) 
K = 3.4 mEq/L (3.5-5) 

cl = 90 mEq/L (98-108) 
Total CO, = 32 mEq/L (21-30) 
Urine Na = 84 mEq/L (variable) 

K = 59 mEq/L (variable) 
Osmolality = 553 mOsm/kg (variable) 
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ERNS 


By the end of this chapter, you should have an understanding of each 


) OBJECTIVES 
y; of the following issues: 


plasma osmolality, which is primarily determined by the plasma 


i7 m The relationship between water balance and the regulation of the 
$ 
4 sodium concentration. 


< & The important differences between osmoregulation and volume reg- 
ulation, with emphasis on the role of alterations in water and sodium 
excretion. 

m The role of osmotic pressure in determining the distribution of water 
between the cells and the extracellular fluid. 

m The roles of the renin-angiotensin—aldosterone system, atrial natri- 
uretic peptide (ANP), and antidiuretic hormone in the regulation of 
sodium and water balance. 

m The concepts of the steady state (as it applies to fluid and electrolyte 
balance) and of the effective circulating volume. 


Introduction 


Water and sodium balance are regulated independently by specific pathways 
that are designed to prevent large changes in the plasma osmolality (which is 
primarily determined by the plasma sodium concentration) and the effective 
circulating volume. The differences between these pathways can be appreci- 
ated by considering the clinical manifestations of impaired regulation: 


= Too much water—hyponatremia (low plasma sodium concentration) 
= Too little water—hypernatremia (high plasma sodium concentration) 
= Too much sodium—volume expansion (edema) 

= Too little sodium—volume depletion 


Although these disorders will be reviewed in the following chapters, one 
point is central to this chapter: The plasma sodium concentration is regulated 
by changes in water balance and not by changes in sodium or volume balance. 


Physiologic Role of Osmotic Pressure 


An approach to the regulation of water balance begins with the processes 
of osmosis and osmotic pressure, which can be easily understood from the 
simple experiment in Figure 2.1. Distilled water in a beaker is separated into 
two compartments by a membrane that is freely permeable to water but not 
to sodium chloride (NaCl). Water molecules exhibit random motion and can 
diffuse across a membrane by a mechanism that is similar to that for diffu- 
sion of solutes. When a solute such as NaCl is added to one compartment, the 
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Osmotic 
pressure 


Semipermeable membrane 


FIGURE 2.1. Effect of adding sodium chloride on fluid distribution in a rigid 
beaker separated into two compartments by a semipermeable membrane, 
which is permeable to water but not to sodium chloride. The addition of sol- 
ute decreases the random movement of water, resulting in water diffusion into 
the solute-containing compartment at a faster rate than diffusion in the opposite 
direction. In a rigid compartment as in this experiment, the net force promoting 
water movement can be measured as the osmotic pressure. 


intermolecular cohesive forces reduce the random movement (or activity) of 
the water molecules in that compartment. Since water will move from an 
area of high activity to the area of low activity, water will flow into the solute- 
containing compartment. 

This increase in volume in the solute-containing compartment will raise 
the pressure within this compartment; this hydrostatic pressure can be mea- 
sured by the height of the fluid column above the compartment. Equilibrium 
will be reached when the hydrostatic pressure, which tends to push water 
back into the solute-free compartment, is equal to the osmotic forces gener- 
ated by the addition of NaCl, which tends to cause water movement in the 
opposite direction. This equilibrium pressure is called the osmotic pressure. 

The osmotic pressure generated by a solute is proportional to the num- 
ber of solute particles, not to the size, weight, or valence of the particles. 
Since 1 mol of any nondissociable substance has the same number of par- 
ticles (6.02 x 10”), the osmotic pressure is determined by the molar concen- 
trations of the solutes that are present. 

The unit of measurement of osmotic pressure is osmole (Osm). One 
osmole is defined as one gram molecular weight (or 1 mol) of any nondis- 
sociable substance. In relatively dilute physiologic fluids, however, it is more 
appropriate to use units of millimoles (mmol) and milliosmoles (mOsm) 
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(one-thousandth of a mol). For example, glucose has a molecular weight of 
180; thus, 180 mg is equal to 1 mmol and can potentially generate 1 mOsm 
of osmotic pressure. In comparison, 1 mmol of NaCl will generate approxi- 
mately 2 mOsm due to its dissociation into sodium and chloride ions. 

Solutes generate an osmotic pressure by their inability to cross mem- 
branes. Some solutes like urea are lipid-soluble and can freely cross mem- 
branes. As a result, the addition of urea to one compartment will lead to a 
new equilibrium that is reached by urea entry into the solute-free compart- 
ment, rather than by water movement in the opposite direction. Thus, no 
osmotic pressure is generated at equilibrium and there is no water move- 
ment. Therefore, urea is an example of an ineffective osmole. The same prin- 
ciples apply to other lipid-soluble solutes such as ethanol. Plasma ethanol 
levels can reach relatively high levels in a patient who is drunk, but there will 
be little change in the effective plasma osmotic pressure or therefore in water 
distribution. 


Osmotic Pressure and Distribution of Body Water 


Osmotic pressure is important physiologically because it determines the 
distribution of the body water between the different fluid compartments. In 
normal adults, water comprises 55% to 60% of lean body weight in men and 
45% to 50% in women. Adipose tissue contains no water and is not included 
in this calculation. The body water is primarily contained in two compart- 
ments that are separated by the cell membrane: inside the cells (the intracel- 
lular fluid) and outside the cells in the extracellular space (the extracellular 
fluid). The extracellular fluid is further divided into two compartments: the 
interstitial fluid that bathes the cells and the intravascular compartment of 
circulating plasma water. These extracellular fluid spaces are separated by 
the capillary wall. 

Since virtually all cell membranes and peripheral capillaries are per- 
meable to water, the distribution of water between these compartments is 
entirely determined by osmotic pressure. Each compartment has one sol- 
ute that is primarily limited to that compartment and therefore acts to pull 
water into that compartment: potassium salts in the cells; sodium salts in the 
interstitial fluid; and proteins (particularly albumin) in the plasma (Fig. 2.2). 
The distribution of potassium and sodium is primarily determined by the 
Na‘-K*-ATPase pumps in the cell membranes that actively transport sodium 
out of and potassium into cells (see Chapter 1). 

In comparison, sodium is able to freely cross the capillary wall and 
therefore acts as an ineffective osmole at the site separating the intersti- 
tial from intravascular compartments. The development of edema in a vol- 
ume (sodium) expanded patient reflects the accumulation of sodium in the 
interstitial compartment (see Chapter 4). The much larger plasma proteins, 
however, cannot easily diffuse across the capillary. As a result, these macro- 
molecules are the primary effective solutes in the plasma; the pressure they 
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Cell Capillary 

membrane wall 

H2O H2O 
K Na Protein 
Na Na 

H2O H2O 

~ d 

Cells Interstitium Plasma 


FIGURE 2.2. Schematic representation of the osmotic factors that determine 
the distribution of the body water among its three major compartments: potas- 
sium salts in the intracellular fluid; sodium salts in the interstitial fluid; and 
proteins in the plasma water. Note that sodium is freely permeable across the 
capillary wall, and is therefore an ineffective osmole for water movement between 
the interstitium and plasma. 


generate to hold water within the vascular space is called the plasma oncotic 
pressure. It might be suspected that water would continually move from the 
interstitium into the vascular space down this favorable osmotic gradient. 
However, this does not occur because the plasma oncotic pressure is coun- 
terbalanced by the capillary hydraulic pressure (generated by cardiac con- 
traction) that tends to cause water movement in the opposite direction. This 
relationship is described in detail in Chapter 4 and Figure 4.1. 


Relationship between Plasma Osmolality and Sodium Concentration 
Since the osmolality in all the fluid compartments is essentially equal, we can 
estimate the osmolality of the body water simply by measuring the plasma 
osmolality. The latter can be estimated from the following formula: 


[glucose] BUN 
Plasma osmolality = 2x PNa + 18 + 28 (Eq. 1) 


Since sodium is the major extracellular cation, the plasma sodium con- 
centration (PNa) is multiplied by 2 to account for the osmotic contribution of 
accompanying anions—primarily chloride and bicarbonate. The concentra- 
tions of glucose (molecular weight 180 g/mol) and blood urea nitrogen (BUN; 
28 g/mol) are divided by 18 and 2.8, respectively, to convert from the frequently 
measured units of mg/dL into mmol/L. The normal plasma sodium concentra- 
tion is between 139 and 143 mmol/L (or mEq/L, since the valence of sodium is 1) 
and the normal osmolality of the body water is between 280 and 290 mOsm/kg. 
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In normal subjects, the effective plasma osmolality can be simplified to 
Effective Posm = 2 x PNa (Eq. 2) 


Glucose can be ignored, since it is present in a much lower concentration 
(<6 mmol/L) than sodium salts, and urea can be ignored, since it is present in 
low concentrations and is an ineffective osmole. 

These observations illustrate an important difference between osmo- 
lality, which is measured in the laboratory and reflects the total number of 
particles in solution, and the osmotic pressure, which determines fluid distri- 
bution and reflects the number of osmotically active particles in each com- 
partment. It is important to note the following: 


= Urea contributes to the plasma osmolality but not to osmotic pressure 
(since it is permeable and crosses the lipid bilayer). 

= Sodium contributes to the plasma osmolality and to the osmotic pressure 
at the cell membrane but not at the capillary wall (Fig. 2.2). 

= Plasma proteins, particularly albumin, are the main determinants of 
the plasma oncotic pressure (since they are essentially the only effective 
osmoles in the plasma). However, albumin (mol. wt 69,000) does not con- 
tribute to the plasma osmolality since a normal plasma albumin concen- 
tration of 4 g/dL or 40 g/L represents <1 mmol/L or 1 mOsm/kg. 


Osmoregulation and Volume Regulation 


The relationship between plasma osmolality and plasma sodium concentra- 
tion is often thought to reflect the importance of sodium balance in osmo- 
regulation. However, these are separate processes since the plasma osmolal- 
ity is regulated by changes in water intake and water excretion, while sodium 
balance is regulated by changes in sodium excretion. 

The different characteristics of osmoregulation and sodium regulation 
can be illustrated by evaluating the effects of adding NaCl alone (as with 
eating salted potato chips), water alone (as with drinking but not excret- 
ing water), or isotonic salt and water (as with an infusion of isotonic saline, 
which has a sodium concentration similar to that in the plasma water). The 
results of these experiments are summarized in Table 2.1: 


= When sodium is ingested without water, the excess sodium will remain in 
the extracellular space, where it will raise the plasma sodium concentration 
and the plasma osmolality. The increase in osmolality will, as in Figure 2.1, 
result in the osmotic movement of water out of the cells into the extracellu- 
lar space until the osmolality is the same in the two compartments. The net 
effect is hypernatremia (a high plasma sodium concentration), an eleva- 
tion in plasma osmolality, an increase in the extracellular fluid volume, and 
an equivalent reduction in the intracellular fluid volume that results in a 
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How Adding Sodium Chloride, Water, and an Isotonic Sodium Chloride 
Solution to the Extracellular Fluid Affects the Plasma Sodium Concentration, 
the Extracellular Fluid (ECF) Volume, Urinary Sodium Excretion, and the 
Intracellular Fluid (ICF) Volume 


Nacl H,O Isotonic Saline 
Plasma Na 
ECF volume 


Urine Na 


> > > 
> > > & 
o > > oO 


ICF volume 


similar increase in intracellular osmolality. Note that the osmotic effect of 
the added sodium is distributed through the total body water even though 
the sodium is restricted to the extracellular fluid. The increased extracel- 
lular fluid volume inhibits renin-angiotensin-aldosterone and stimulates 
ANP (see next section) to increase urinary sodium excretion that permits 
re-equilibration of the different body compartments. 

= The retention of water without sodium lowers both the plasma sodium 
concentration and the plasma osmolality. As a result, some of the excess 
water will move into the cells until osmotic equilibrium is achieved. The 
net result is hyponatremia (a low plasma sodium concentration), hypo- 
osmolality, and an increase in both the extracellular and intracellular fluid 
volumes. The increase in extracellular fluid leads to increased urinary 
sodium excretion. 

= The administration of isotonic saline will not affect water movement 
between the cells and the extracellular fluid, since there is no change in 
osmolality. All of the excess salt and water will remain in the extracellular 
fluid, producing extracellular volume expansion but no alteration in the 
plasma sodium concentration. 


A number of important observations can be appreciated when we sum- 
marize these experiments (Table 2.1): 


= The plasma sodium concentration is determined by the ratio between the 
amounts of solute and water that are present, whereas the extracellular 
fluid volume is determined by the absolute amounts of solute and water 
that are present. 

= The plasma sodium concentration and the plasma osmolality vary in par- 
allel as predicted from Eq. 2. 
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= There is no predictable relationship between the plasma sodium concentra- 
tion and the extracellular fluid volume: The latter is increased in all three 
experiments, whereas the plasma sodium concentration rises, falls, and is 
unchanged. 

= There is no predictable relationship between the plasma sodium concentration 
and urinary sodium excretion. As will be reviewed below, the extracellular fluid 
volume is regulated by changes in sodium excretion. Since volume expansion 
occurred in all three experiments, there will be an appropriate increase in 
sodium excretion (in an attempt to lower the extracellular fluid volume toward 
normal), even though the plasma sodium concentration may vary widely. 

= Alterations in plasma osmolality lead to changes in intracellular fluid 
volume: Hyponatremia and hypo-osmolality induce fluid movement into 
the cells, whereas hypernatremia and hyperosmolality induce fluid move- 
ment out of the cells. These changes in volume within the brain are largely 
responsible for the symptoms associated with hyponatremia and hyperna- 
tremia (see Chapter 3). 


Suppose that you exercised on a hot day, leading to the loss 
of sweat, which is a relatively dilute fluid containing low 
concentrations of sodium and potassium. What will happen to 

1 | the plasma sodium concentration, extracellular fluid volume, 
and urinary sodium excretion? 


Hormonal Role in Water 
and Sodium Balance 


The lack of predictable relationship between the plasma sodium concen- 
tration and extracellular fluid volume means that these parameters must 
be regulated independently. Table 2.2 lists the major neurohumoral factors 
involved in the regulation of osmolality and volume; note that these are sepa- 
rate pathways with almost no overlap (except for the hypovolemic stimulus 
to the secretion of antidiuretic hormone, which occurs only when tissue per- 
fusion is substantially reduced). 


Osmoregulation 


Plasma osmolality is regulated by osmoreceptors in the hypothalamus that 
influence the release of antidiuretic hormone (ADH) and thirst. ADH reduces 
water excretion while thirst increases water intake. The combined effects 
result in water retention, which will tend to lower plasma osmolality and 
plasma sodium concentration by dilution. Thus, regulation of the plasma 
sodium concentration is mediated almost entirely by changes in water 
balance, not in the handling of sodium. 


CHAPTER 2 Regulation of Salt and Water Balance 39 


Major Sensors and Effectors of the Osmoregulatory and Volume Regulatory 
Pathways 


Osmoregulation Volume Regulation 


What is sensed Plasma osmolality Effective tissue perfusion 
Sensors Hypothalamic Macula densa 
osmoreceptors Afferent arteriole 
Atria 


Carotid sinus 


Effectors Antidiuretic hormone —_ Renin—angiotensin-aldosterone 
Atrial natriuretic peptide (ANP) 
ANP-related peptides 
Norepinephrine 
Antidiuretic hormone 


What is affected Urine osmolality Urinary sodium 
Thirst/Water Intake Thirst 


Volume Regulation 


Multiple receptors and effectors are involved in volume regulation. These 
include the juxtaglomerular cells of the afferent arteriole (Fig. 1.9), which release 
renin—leading to the subsequent generation of the sodium-retaining hormones 
angiotensin II and aldosterone; the atria, which release natriuretic peptides that 
promote sodium excretion; and the carotid sinus, which regulates the activity 
of the sympathetic nervous system and mediates the hypovolemic stimulus to 
ADH. As will be described below, these systems affect urinary sodium excretion 
and, via angiotensin II and norepinephrine, systemic vascular resistance. 


Can you think of a physiologic reason why it is beneficial 
to have multiple receptors for volume regulation, while 
only one receptor in the hypothalamus is sufficient for 


2 osmoregulation? 


Before discussing the basic aspects of these humoral pathways, it is useful to 
review the changes that will occur in the three experimental conditions sum- 
marized in Table 2.1: 


= The administration of isotonic saline causes volume expansion without 
affecting the plasma osmolality. Thus, only the volume regulatory pathway 
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will be activated: Renin release will be suppressed, while ANP secretion 
will be enhanced. This increase in pronatriuretic forces will appropriately 
enhance sodium excretion in an attempt to excrete the volume load. 

= The ingestion of free water will initially lower the plasma osmolality, 
thereby suppressing the release of ADH. The ensuing fall in water reabsorp- 
tion will allow the excess water to be excreted rapidly in dilute urine. 

= The ingestion of salt without water causes both hyperosmolality and extra- 
cellular fluid volume expansion, thereby activating both pathways. The rise 
in plasma osmolality will enhance both ADH release and thirst, thereby 
reducing water excretion and increasing water intake in an attempt to 
lower the plasma osmolality toward normal. Volume expansion, on the 
other hand, will suppress the secretion of renin and increase that of ANP. 
The net effect will be enhanced excretion of sodium in a relatively small 
volume of urine, a composition that is similar to intake. 


In the above example of unreplaced sweat losses in Question 1, 
what will happen to the osmoregulatory and volume regulatory 


pathways? 


Antidiuretic Hormone, Thirst, 
and Maintenance of Water Balance 


The following review of ADH, the renin—angiotensin—aldosterone system, 
and ANP will primarily emphasize those hormonal effects related to the reg- 
ulation of water and sodium balance. 

ADH (the human form is called arginine vasopressin; AVP) is a poly- 
peptide synthesized in the supraoptic and paraventricular nuclei in the 
hypothalamus (Fig. 2.3). Secretory granules containing AVP migrate down 
the axons of the supraopticohypophysial tract into the posterior lobe of the 
pituitary, where they are stored and subsequently released after appropriate 
stimuli. 


Actions 


The absence or presence of ADH is the major physiologic determinant of 
urinary-free water excretion or retention. ADH acts on the collecting ducts, 
to allow water reabsorption independent of sodium down the osmotic gradi- 
ents created by the countercurrent system (see Chapter 1). 

The ADH-induced increase in collecting duct water permeability occurs 
primarily in the principal cells, as the adjacent intercalated cells are mostly 
involved in acid or bicarbonate secretion (see Chapter 5). There are three 
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FIGURE 2.3. Schematic representation of the mammalian hypothalamus 
and pituitary gland showing pathways for the secretion of antidiuretic hor- 
mone (ADH). ADH is synthesized in the supraoptic and paraventricular nuclei, 
transported in granules along their axons, and then secreted at three sites: the 
posterior pituitary gland, the portal capillaries of the median eminence, and 
the cerebrospinal fluid (CSF). Black arrows indicate transport pathways to 
secretory sites. 


major receptors for ADH: the V,» V, (also called V,), and V, receptors. 
Activation of the V, receptors induces vasoconstriction and enhancement 
of prostaglandin release, whereas the V, receptors mediate the antidiuretic 
response. The V,, (V,) receptor appears to mediate the effect of ADH on the 
pituitary, facilitating the release of ACTH. 

Activation of adenylylcyclase by ADH via the V, receptor on the baso- 
lateral membrane initiates a sequence of events in which a protein kinase is 
activated (see Chapter 1 and Fig. 1.5). This leads to apical membrane inser- 
tion of aquaporin-2 water channels from preformed cytoplasmic vesicles 
that contain aquaporin-2 water channels. Once the water channels span 
the luminal membrane, water is reabsorbed into the cells, and then rapidly 
returned to the systemic circulation across aquaporin-3 and -4 water chan- 
nels in the basolateral membrane. These channels are water-permeable 
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(even in the absence of ADH) and the basolateral membrane has a much 
greater surface area than the luminal membrane. When the ADH effect has 
worn off, the water channels aggregate within clathrin-coated pits and they 
are removed from the luminal membrane by endocytosis. 

The net effect is that the urine osmolality may be as high as 1,000 to 
1,200 mOsm/kg in the presence of ADH, a concentration that is four times 
that of the plasma. In contrast, the urine osmolality can fall to as low as 30 to 
50 mOsm/kg in the complete absence of ADH, a situation in which there is 
minimal water reabsorption in the collecting ducts. 

A defect in any step in this pathway, such as attachment of ADH to 
its receptor or the function of the water channel, can cause resistance to 
the action of ADH and an increase in urine output. This disorder is called 
nephrogenic diabetes insipidus. Nephrogenic diabetes insipidus can occur 
through inherited defects in the V, receptor or the aquaporin-2 gene, or 
can be acquired most commonly as a side effect of lithium therapy or 
hypercalcemia. 


Vascular Resistance 

The antidiuretic effects of ADH are mediated by the V, receptors and adeny- 
lylcyclase stimulation, while the V, receptors stimulate phospholipase C and 
primarily act to increase vascular resistance (hence the name vasopressin). 
Thus, ADH may contribute to the regulation of vascular resistance, although 
it is clear that the renin—angiotensin and sympathetic nervous systems are of 
much greater importance. 


Renal Prostaglandins 

ADH stimulates the production of prostaglandins (particularly prostaglan- 
din E, and prostacyclin) in a variety of cells within the kidney, including those 
in the thick ascending limb, collecting ducts, medullary interstitium, and 
glomerular mesangium. The prostaglandins that are produced then impair 
both the antidiuretic and vascular actions of ADH. 

These findings have suggested that a short negative feedback loop may 
be present in which ADH enhances local prostaglandin production, thereby 
preventing an excessive antidiuretic response. However, the effect of ADH on 
prostaglandin synthesis is mediated by the V , not the antidiuretic V, recep- 
tors. Thus, the major function of the ADH-prostaglandin relationship may 
be to maintain renal perfusion as ADH-induced vasoconstriction is mini- 
mized by the vasodilator prostaglandins. 


Patients often use over-the-counter anti-inflammatory 
medications that inhibit prostaglandin biosynthesis (NSAID or 
nonsteroidal anti-inflammatory drugs). What might happen 

| 4 | to the serum sodium concentration in a patient taking these 
medications and drinking large amounts of water? 
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Control of Antidiuretic Hormone Secretion 


Two major stimuli to ADH secretion are hyperosmolality and volume deple- 
tion (Fig. 2.4). These responses are physiologically appropriate, since the 
water retention induced by ADH will lower the plasma osmolality and raise 
the extracellular volume toward normal. Conversely, lowering the plasma 
osmolality by water loading will diminish ADH release. The ensuing reduc- 
tion in collecting duct water reabsorption will decrease the urine osmolality, 
thereby allowing the excess water to be excreted. Since the half-life of ADH 
in the circulation is several minutes, the maximum diuresis after a water 
load is delayed for 90 to 120 min—the time required for the metabolism of 
the previously circulating ADH. 


Osmoreceptors 
The location of the osmoreceptors governing ADH release was initially dem- 
onstrated by experiments utilizing local infusions of hypertonic saline, which 
raised the local but not the systemic plasma osmolality. ADH secretion was 
enhanced and the urine output fell following infusion into the carotid artery, 
but not the femoral artery. These findings indicated that the osmoreceptors 
were located in the brain (hypothalamus), and not in the periphery (Fig. 2.3). 
The signal sensed by the hypothalamic osmoreceptors is an effective 
osmotic gradient between the plasma and the receptor cell, leading to water 
movement out of or into the cell. The ensuing change in the intracellular 
osmotic pressure stimulates both ADH secretion and synthesis. 
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FIGURE 2.4. Relationship of the plasma ADH concentration to plasma osmo- 
lality in normal humans (in whom the plasma osmolality was varied by chang- 
ing the state of hydration) and to isosmotic blood volume depletion in the rat. 
Although volume depletion produces a more pronounced increase in ADH levels, 
a relatively large fall in blood volume is required for this to occur. 
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The plasma sodium concentration is the major osmotic determinant of 
ADH release, since sodium salts are the primary effective extracellular sol- 
utes. In contrast, alterations in the BUN do not affect ADH release, because 
urea is an ineffective osmole that readily crosses cell membranes. 

The osmoreceptors are extremely sensitive, responding to alterations in 
the plasma osmolality of as little as 1%. In humans, the osmotic threshold for 
ADH release is between 280 and 290 mOsm/kg (Fig. 2.4). There is little circu- 
lating ADH below this level, a setting in which the urine should be maximally 
dilute with an osmolality below 100 mOsm/kg. Above the osmotic threshold, 
there is a progressive and relatively linear rise in ADH secretion (Fig. 2.4). 

This system is so efficient that the plasma osmolality usually does not vary 
by more than 1% to 2%, despite wide fluctuations in water intake. For example, 
a large water load will lower the plasma osmolality and essentially shut off 
the release of ADH. The net effect is the excretion of the excess water within 
4 hours. The range of maximum water excretion is so much above intake that 
normal subjects rarely can retain water and become hyponatremic. Thus, the 
development of hyponatremia in almost all cases implies an inability to excrete 
water, which, in the absence of advanced renal failure, implies an inability to 
suppress ADH release. This issue will be reviewed in detail in Chapter 3. 


Thirst 
The response to arise in the effective plasma osmolality, as can occur with water 
loss due to exercise-induced sweating on a hot day, leads to increased thirst, as 
well as ADH release (Fig. 2.4). The combination of increased water intake and 
reduced water excretion will then return the plasma osmolality to normal. 
Even though thirst is regulated centrally, it is sensed peripherally as the 
sensation of a dry mouth. Even small increases in plasma osmolality (2 to 
3 mOsm/kg) will lead to increased thirst (Fig. 2.4), and the sensation of thirst is 
so powerful that normal subjects cannot become hypernatremic as long as they 
have access to water. This is true even in patients with central diabetes insipi- 
dus who make little or no ADH. Although these patients excrete a large vol- 
ume of dilute urine, this water loss is matched by increased intake so that the 
plasma sodium concentration remains in the normal or high-normal range. 
In theory, shutting off thirst should be an equally powerful protection against 
the development of hyponatremia, since the plasma sodium concentration 
cannot fall if there is no water intake. However, most of the fluid we drink is 
for cultural or social reasons and is not regulated by the osmoreceptors. 


Volume Receptors 
Patients with effective circulating volume depletion (which is defined below) 
may secrete ADH even in the presence of a low plasma osmolality (Fig. 2.4). 
These findings indicate the existence of nonosmolal, volume-sensitive recep- 
tors for ADH release. 

Parasympathetic afferents primarily located in the carotid sinus barore- 
ceptors play a major role in this response. Changes in the rate of afferent dis- 
charge from these neurons affect the activity of the vasomotor center in the 
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medulla and subsequently the rate of ADH secretion by the cells in the paraven- 
tricular nuclei. The supraoptic nuclei, in comparison, are important for osmo- 
regulation but do not appear to participate in this volume-sensitive response. 

The sensitivity of the volume receptors is different from that of the osmo- 
receptors. The latter respond to alterations in plasma osmolality of as little as 
1%. In comparison, small, acute reductions in volume that are sufficient to 
increase the secretion of renin and norepinephrine have little effect on the 
release of ADH. Acutely, ADH is secreted nonosmotically in humans only if 
there is a large enough change in the effective volume to produce a reduc- 
tion in the systemic blood pressure. This typically occurs with 5-10% deple- 
tion of total body fluid, or about 2-4 liters (see Fig. 2.5). Once hypotension 
occurs, there may be a marked rise in ADH secretion, resulting in circulating 
hormone levels that can easily exceed that induced by hyperosmolality (com- 
pare the left and right panels in Fig. 2.4 and note the different y-axis scales). 

Thirst is also stimulated by volume depletion. Hypovolemia stimulates 
angiotensin II production (discussed below), and angiotensin II is a highly 
potent stimulus of thirst. 


Interactions of Osmotic and Volume Stimuli 
The hormone-producing cells in the supraoptic and paraventricular nuclei 
receive input from both the osmotic and volume receptors, resulting in posi- 
tive or negative interactions. For example, volume depletion potentiates the 
ADH response to hyperosmolality, and volume depletion can prevent the 
inhibition of ADH release normally induced by a fall in the plasma osmolality. 
The hypovolemic stimulus to ADH release and thirst is beneficial from 
the viewpoint of volume regulation. Water retention will expand the extracel- 
lular fluid volume, and the vasopressor activity of ADH may contribute to an 
elevation in the systemic blood pressure. However, these changes often occur 
at the expense of osmoregulation. The persistent nonosmotic stimulation of 
ADH release impairs water excretion, potentially leading to water retention 
and hyponatremia. As an example, hyponatremia is commonly present in 
patients with persistent marked effective volume depletion, as with conges- 
tive heart failure (CHF) and hepatic cirrhosis (see Chapter 3). 


Hormonal Regulation of Sodium Excretion 


As listed in Table 2.2, the factors involved in the regulation of sodium excre- 
tion are different from those involved in water excretion. The only important 
area of overlap is the hypovolemic stimulus to ADH release and thirst. 

The presence of multiple receptors for the hormonal control of sodium 
excretion illustrates an important difference between the regulation of vol- 
ume and that of osmolality. Maintenance of concentration can often be 
achieved with only a single sensor (such as the hypothalamic osmorecep- 
tors), since all tissues are perfused by the same arterial blood. In comparison, 
there may be marked variability in regional perfusion, necessitating the pres- 
ence of local volume sensors. A simple example is changing from the sitting 
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to the standing position, which, by gravity, results in hyperperfusion of (and 
fluid accumulation in) the lower extremities, and in hypoperfusion of the 
brain. In this setting, activation of the carotid sinus baroreceptors with a sub- 
sequent increase in sympathetic activity helps to preserve cerebral perfusion 
by maintaining the systemic blood pressure. 


Definition of Effective Circulating Volume 


Before discussing the major hormones that affect sodium excretion, it is 
important to first define what is being regulated. The effective circulating vol- 
ume is an unmeasurable parameter that refers to that part of the extracel- 
lular fluid that is in the arterial system and is therefore effectively perfusing 
the tissues. Although a 70-kg man would have approximately 42 L of water, 
there is <1 L (approximately 700 mL) actually perfusing tissues through the 
arterial limb. A detailed breakdown of the approximate distribution of water 
[both in % body weight and volume (liters)] is shown in Figure 2.5. The effec- 
tive circulating volume varies directly with the extracellular fluid volume in 
normal subjects, being largely determined by the total body sodium stores, 
since sodium salts are the primary extracellular solutes that act to hold 


TBW ~ 50-60% x BW (kg) =— 70kg 
70 kg Man = 42 L 


fo \ 


Intracellular Extracelluar 
2/3 1/3 
(28 L) (14 L) ( h 
Interstitial Plasma C Intracellular 
3/4 1/4 


(28 L) 
(~10.5 L) (~3.5 L) R 


J (42 L) 


Venous Arterial Interstitial 
80% (Effective) (10.5 L) + Extracelluar 
(~2.8 L) 20% (14 L) 
(~0.70 L) | Plasma{| |) 
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FIGURE 2.5. Approximate relationships of body water compartments to total 
body weight that can be used to estimate amounts of water in specific body 
compartments. Note that plasma volume is only about 3.5 L of total 42 L of total 
body water (TBW). These relationships will be useful for calculating disorders of 
water balance (Chapter 3). 
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water within the extracellular space. As a result, maintenance of the effec- 
tive circulating volume and regulation of sodium balance (by alterations in 
urinary sodium excretion) are closely related functions. Sodium loading will 
tend to produce volume expansion, whereas sodium loss will lead to volume 
depletion. 

Although the effective circulating volume varies with the extracellular 
fluid volume in normal subjects, it may be independent of the extracellular 
fluid volume, the plasma volume, or even the cardiac output in a variety of 
disease states (Table 2.3). Patients with CHF, for example, have a reduced 
effective circulating volume due to the primary decrease in cardiac out- 
put. However, the ensuing activation of sodium-retaining hormones (in an 
attempt to increase perfusion toward normal) leads to edema formation 
and increases in the plasma volume and total extracellular fluid volume (see 
Chapter 4). Thus, these parameters may be dissociated from the rate of tissue 
perfusion. 

The effective circulating volume may, in some cases, also be indepen- 
dent of the total cardiac output. In addition to a reduction in cardiac output, 
effective volume depletion can also result from hypotension induced by a fall 
in systemic vascular resistance (peripheral vasodilatation). In the presence 
of a low-resistance arteriovenous fistula, for example, the cardiac output is 
elevated by an amount equal to the flow through the fistula. However, this 
fluid is circulating ineffectively, since it bypasses the capillary circulation. 
Thus, the patient is normovolemic, despite the presence of a cardiac output 
that may be substantially elevated. 


Potential Independence of Effective Circulating Volume from Other 
Hemodynamic Parameters—Extracellular Fluid Volume, Plasma Volume, 
and Cardiac Output 


Effective 
Circulating Extracellular Plasma Cardiac 
Volume Fluid Volume Volume Output 
Hypovolemia J L L l 
due to 
vomiting 
Heart failure 4 T 
Arteriovenous Normal T 
fistula 
Severe hepatic J i T Normal — T 
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The potential dissociation between the effective circulating volume and 
the cardiac output can also be illustrated by the hemodynamic changes seen 
in advanced hepatic cirrhosis and ascites (which refers to fluid accumulation 
in the peritoneum). The extracellular fluid volume is expanded in this disor- 
der primarily by the ascites; the plasma volume is increased due in part to 
fluid accumulation in the markedly dilated but slowly circulating splanchnic 
venous circulation (induced by portal hypertension); and the cardiac output 
is often elevated because of multiple arteriovenous fistulas throughout the 
body such as the spider angiomas on the skin. 

Despite all of these signs of volume expansion, most of the excess fluid 
is hemodynamically ineffective and these patients behave as if they are vol- 
ume depleted. The cause of the effective circulating volume depletion is a 
reduction in systemic vascular resistance resulting from the low-resistance 
shunting by the arteriovenous fistulas and from vasodilatation within the 
splanchnic circulation. The presence of decreased effective tissue perfusion 
is manifested clinically by relatively low blood pressures, a low rate of uri- 
nary sodium excretion (often below 10 mEq/day in advanced cases) and by 
a progressive increase in the secretion of the hormones typically released in 
response to hypovolemia: renin, norepinephrine, and ADH. These patients 
will usually have hyponatremia due to the stimulus for ADH release from the 
decrease in effective circulating volume (see Chapter 4). 

Assuming there is no defect in renal sodium handling (most often due to 
blocking tubular sodium transport with diuretic agents), one of the major clin- 
ical hallmarks of effective circulating volume depletion of any cause is a low 
level of sodium excretion, usually manifested by a urine sodium concentration 
below 25 mEq/L. Sodium intake on a regular diet in the United States usually 
ranges from 80 to 250 mEq/day (approximately 1.8 to 5.8 g/day). However, the 
urine sodium concentration is variable, since it is also determined by the rate 
of water intake and excretion. The only common clinical setting in which a 
low rate of sodium excretion does not reflect systemic hypoperfusion is selec- 
tive renal ischemia. This most commonly occurs with bilateral renal arterial 
narrowing, usually due to atherosclerotic lesions in older patients. 


Renin-—Angiotensin System 


The renin—angiotensin system plays an important role in the regulation of 
the systemic blood pressure, urinary sodium excretion, and renal hemody- 
namics. Renin is a proteolytic enzyme secreted by specialized cells—the 
juxtaglomerular cells—in the afferent arteriole of each glomerulus. In addi- 
tion, more proximal cells in the interlobular artery can be recruited for renin 
release when the stimulus is prolonged. 

Renin initiates a sequence of steps (Fig. 2.6) that begins with cleav- 
age of angiotensinogen (renin substrate) to a decapeptide, angiotensin I. 
Angiotensin I is then converted into an octapeptide, angiotensin II, in a 
reaction catalyzed by angiotensin-converting enzyme (ACE). Initial studies 
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FIGURE 2.6. Pathway of angiotensin production. 


suggested that renin released from the kidneys acted on angiotensinogen 
produced in the liver; the angiotensin I formed by this reaction was then con- 
verted into angiotensin II primarily in the pulmonary circulation, since the 
lung has the highest concentration of ACE. 

It is now clear, however, that angiotensin II can be synthesized at a vari- 
ety of sites, including the kidney, vascular endothelium, adrenal gland, and 
brain. Within the kidney, for example, locally generated angiotensin II can 
participate in the regulation of the glomerular filtration rate and sodium 
excretion without requiring activation of the systemic renin-angiotensin sys- 
tem. The observation that the concentration of angiotensin II in the renal 
peritubular capillary and proximal tubule is roughly 1,000 times higher than 
that in the systemic circulation is consistent with this local effect. 


Actions 
Angiotensin II has two major systemic effects, which are mediated by bind- 
ing to specific angiotensin II receptors in the cell membrane. Both of these 
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actions, vasoconstriction and sodium retention, will tend to reverse the 
hypovolemia or hypotension usually responsible for the stimulation of renin 
secretion. 

First, angiotensin II produces arteriolar vasoconstriction, thereby rais- 
ing the systemic blood pressure. This represents an appropriate response in 
hypovolemic subjects but can contribute to the development of hyperten- 
sion if there is an abnormality in renin regulation. The importance of angio- 
tensin II in hypertension in humans can be illustrated by the fall in blood 
pressure that often follows the administration of an ACE inhibitor or angio- 
tensin receptor blocker (ARB). Second, angiotensin II leads to enhanced 
renal tubular sodium reabsorption, thereby expanding the extracellular fluid 
volume. At least two factors contribute to this response: direct stimulation 
of transport in the early proximal tubule by angiotensin II and increased 
release of aldosterone, resulting in enhanced collecting duct sodium reab- 
sorption (see Fig. 2.6 and Chapter 1 for a review of sodium transport). Since 
water reabsorption in the proximal tubule passively follows that of sodium, 
angiotensin II enhances the reabsorption of both sodium and water. Thus, 
the extracellular fluid volume will be expanded but there will be no change in 
the plasma sodium concentration, which as described previously is primarily 
regulated by ADH. 


Regulation of Glomerular Filtration Rate. Angiotensin II also plays an 
important role in the regulation of the glomerular filtration rate (GFR). 
Angiotensin II constricts the efferent and, to a lesser degree, the afferent 
arteriole. The efferent constriction tends to raise the intraglomerular pres- 
sure, a change that will increase the GFR. This is particularly important 
when renal perfusion pressure is reduced, as with any of the causes of volume 
depletion. In this setting, the decline in perfusion pressure can be counter- 
balanced by the efferent constriction, resulting in initial maintenance of the 
intraglomerular pressure and the GFR (see Chapter 1 and Fig. 1.8 for a review 
of the role of angiotensin II and the consequences of angiotensin II blockade 
in this process of autoregulation). 


Control of Renin Secretion. The main determinant of renin secretion in nor- 
mal subjects is salt intake. A high salt intake expands the extracellular fluid 
volume and decreases renin release; these changes are reversed with a low 
salt intake (or with fluid loss from any site; see Fig. 2.6). The associated alter- 
ations in angiotensin II and aldosterone then allow sodium to be excreted 
with volume expansion or retained with volume depletion. 

The net effect for renin (and for all the regulatory hormones discussed in 
this chapter) is that there is no fixed normal value for the plasma renin activity or 
the plasma concentration of angiotensin II or aldosterone. The levels observed 
must be correlated with the patient’s volume status, as partially determined 
clinically from the physical examination and the rate of urinary sodium excre- 
tion. Sodium excretion in a normovolemic subject is roughly equal to intake, 
which ranges from 80 to 250 mEq/day in a typical American diet. 
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These changes in volume or pressure that affect renin release and syn- 
thesis are sensed at one or more of three sites: the afferent arteriole, the car- 
diopulmonary baroreceptors, and the macula densa cells in the early distal 
tubule: 


= The baroreceptors in the wall of the afferent arteriole are stimulated by a 
reduction in renal perfusion pressure. The ensuing increase in renin release 
appears to be mediated in part by the local production of prostaglandins, 
particularly prostacyclin. 

= The cardiopulmonary baroreceptors are also affected by a fall in perfusion 
pressure, leading to increased activity of the sympathetic nervous system. 
The ensuing stimulation of B, receptors in the juxtaglomerular apparatus 
results in enhanced release of renin. 

= The macula densa cells, in comparison, respond to changes in the luminal 
delivery of chloride. As with the thick ascending limb of the loop of Henle, 
NaCl entry into these cells is mediated by a Na*-K*-2Cl cotransporter 
in the luminal membrane (see Chapter 1 and Fig. 1.9). The activity of this 
transporter is primarily regulated by the luminal chloride concentration. 
With volume expansion, for example, more NaCl is delivered to and reab- 
sorbed in the macula densa (due to diminished proximal reabsorption), 
leading to suppression of renin release. The mechanism by which the chlo- 
ride signal is translated into alterations in renin secretion appears to be 
mediated by PGE-2 and PGI-2. 


Loop diuretics are commonly used in the treatment of edema. 
They increase NaCl excretion by inhibiting the luminal Na™—K*-2 CF- 
carrier in the loop of Henle and macula densa. What effect 

5 | should this have on renin release (independent of any changes in 
extracellular volume)? 


In many clinical conditions, these three sites act in concert to regulate renin 
release. Consider the systemic and local responses to volume depletion, 
which initially lead to a small reduction in systemic blood pressure. This will 
decrease the stretch in both the afferent arteriolar and cardiopulmonary 
baroreceptors; distal chloride delivery will also be diminished due in part 
to enhanced proximal reabsorption. Each of these changes will promote the 
secretion of renin. 


Aldosterone 


Aldosterone is synthesized in the adrenal zona glomerulosa (the outermost 
layer of the adrenal cortex), while cortisol and androgens are produced in 
the zona fasciculata (middle layer) and reticularis (inner layer) of the cor- 
tex, respectively. The zona glomerulosa is well adapted for the production 
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of aldosterone. It has a low concentration of 17a-hydroxylase, the enzyme 
necessary for cortisol and androgen synthesis (Fig. 2.7). More importantly, 
the final step in the conversion of corticosterone to aldosterone, oxidation of 
a hydroxyl group at the 18-carbon position to an aldehyde, occurs only in the 
zona glomerulosa. The enzymes that catalyze this reaction, known as aldo- 
sterone synthase, are normally suppressed in the zona fasciculata. This sup- 
pression is important because it prevents aldosterone secretion from being 
inappropriately regulated by ACTH. 

A rare form of familial hyperaldosteronism resulting in glucocorticoid- 
sensitive hypertension results in ACTH-sensitive aldosterone produc- 
tion occurring in the zona fasciculata. 11B-hydroxylase has two isoforms, 
one in the cortisol pathway (B,) and the other in the aldosterone pathway 
(B; Fig. 2.7). The mutation in patients with GRA (glucocorticoid-remedial 
aldosteronism) is fusion of the 11$-hydroxylase promoter from the cortisol 
isoform (B,) to the coding sequence of the B, isoform in the aldosterone 
pathway. This results in ACTH-dependent activation of aldosterone synthase 
leading to high levels of unique biochemical end products, 18-oxocortisol 
and 18-hydroxycortisol, that have mineralocorticoid activity similar to 
aldosterone. 


Cholesterol 


Pregnenolone 17a ——» Hydroxypregnenolone aces DHEA 


} 38 } 38 oo | 39 


Progesterone 17a ——> Hydroxyprogesterone > Androstenedione 
| 21 | 21 | 
i ; 17.20 
Deoxycorticosterone Deoxycortisol Other androgens 
| 114(B1) J 11482) | 
Corticosterone Cortisol Estrogens 
{is 
Aldosterone 
zona glomerulosa zona fasciculata zona reticularis 


FIGURE 2.7. Pathways of adrenal steroid synthesis. DHEA is dehydroepiandro- 
stenedione, and the numbers at the arrows refer to specific enzymes: 17 refers 
to 17a-hydroxylase; 38 refers to 3B-hydroxysteroid dehydrogenase; 21 refers to 
21-hydroxylase; 11ß refers to 11B-hydroxylase; 18 refers to a two-step process 
resulting in the oxidation of a hydroxyl group to an aldehyde at the 18-carbon 
position. The conversion of corticosterone to aldosterone occurs only in the zona 
glomerulosa. 
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Actions 

The major effects of aldosterone occur in the distal nephron, the site at 
which the final composition of the urine is determined. As with other ste- 
roid hormones, aldosterone acts by diffusing into the tubular cell and then 
attaching to a specific cytosolic receptor (Fig. 1.5). The hormone-receptor 
complex migrates to the nucleus, where it interacts with specific sites on 
the nuclear chromatin to enhance messenger RNA and ribosomal RNA 
transcription. This, in turn, is translated into the synthesis of new proteins 
including the apical membrane sodium channel that ultimately mediate the 
physiologic effects of aldosterone. The time required for these processes to 
occur accounts for the 90-minute latent period before electrolyte excretion 
is affected. 

The primary site of action of aldosterone is in the principal cells in the 
cortical collecting duct (Fig. 7.2), where it stimulates the reabsorption of 
NaCl and the secretion of potassium. These changes in tubular transport 
are induced by a higher number of sodium and potassium channels in the 
luminal membrane and by increased open channel probability. There is also 
enhanced Na*-K*-ATPase activity in the basolateral membrane. For example, 
going from alow to a high aldosterone state can increase the number of open 
sodium channels per cell from <100 to approximately 3,000. The aldosterone- 
induced elevation in luminal sodium permeability promotes passive sodium 
diffusion into the tubular cell; this sodium is then returned to the systemic 
circulation by the Na*-K*-ATPase pump. The movement of cationic sodium 
through its channel is electrogenic in that the loss of cationic sodium from 
the lumen creates a lumen-negative potential difference. Electroneutrality 
is maintained in this setting either by passive chloride reabsorption via the 
paracellular pathway between the cells or by potassium secretion from the 
cell into the lumen. This effect on potassium handling is clinically important, 
since collecting duct potassium secretion is the primary determinant of uri- 
nary potassium excretion (see Chapter 7). 


Deoxycorticosterone is an ACTH-dependent steroid that has 
aldosterone-like (mineralocorticoid) activity. Children with one 
of the forms of congenital adrenal hyperplasia have impaired 
6 | activity of one of the enzymes in Figure 2.7. Remembering 
that cortisol deficiency stimulates ACTH secretion, what 
effect will decreased activity of each of these enzymes have on 
aldosterone production, total mineralocorticoid activity (aldosterone plus 
deoxycorticosterone), and renal sodium and potassium handling? 


In addition to its role in sodium and potassium handling, aldosterone can 
also affect acid handling in part by increasing the activity of the H*-ATPase 
secretory pumps in the intercalated cells in the cortical collecting duct. The 
factors involved in the regulation of acid excretion are reviewed in Chapter 5. 
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Control of Aldosterone Secretion 

Aldosterone plays an important role in volume and potassium balance via its 
renal effects. It is therefore appropriate that volume depletion (acting via angio- 
tensin II) and an elevation in the plasma potassium concentration are the pri- 
mary stimuli to aldosterone secretion. Angiotensin II and potassium act on the 
zona glomerulosa, promoting the conversion of cholesterol to pregnenolone 
and, more importantly, the conversion of corticosterone to aldosterone (Fig. 2.7). 

The volume stimulus to aldosterone secretion is primarily mediated 
by the renin-angiotensin system. In normal subjects, both renin and aldo- 
sterone release rise with a low-salt diet and fall with a high-salt diet. These 
changes contribute to the maintenance of sodium balance. With salt restric- 
tion, for example, the increments in renin, angiotensin II, and aldosterone 
enhance proximal and collecting duct sodium reabsorption, thereby mini- 
mizing further sodium excretion. 

The stimulatory effect of potassium increases linearly as the plasma 
potassium concentration rises above 3.5 mEq/L, with increments in the 
plasma potassium concentration of as little as 0.1 to 0.2 mEq/L increasing 
aldosterone release. The ensuing elevation in potassium excretion returns 
the plasma potassium concentration toward normal. 

Although potassium acts directly on the adrenal gland, the ensuing elevation 
in aldosterone secretion may be mediated in part by a local intra-adrenal renin- 
angiotensin system. In isolated zona glomerulosa cells, for example, a rise in the 
extracellular potassium concentration increases renin release. Furthermore, the 
associated elevation in aldosterone release in this setting is impaired by the pres- 
ence of an ACE inhibitor that reduces the local generation of angiotensin II. 


Maintenance of Sodium and Potassium Balance 

Since aldosterone simultaneously affects both sodium and potassium han- 
dling, it might be expected that the regulation of sodium excretion would 
interfere with that of potassium. However, this potential maladaptive 
response does not occur because the secretion of potassium is also strongly 
affected by the delivery of sodium and water to the distal secretory site (see 
Chapter 7). Thus, the hyperaldosteronism induced by volume depletion is 
also associated with decreased distal delivery due in part to enhanced proxi- 
mal reabsorption. These two effects tend to balance out and potassium secre- 
tion remains relatively constant. These responses are reversed by volume 
expansion: reduced aldosterone counteracted by increased distal delivery. 


Aldosterone increases and ANP decreases the reabsorption of 
sodium in the collecting ducts. Although these changes are 
important for the regulation of sodium balance, they do not 
produce alterations in the plasma sodium concentration or 
plasma osmolality. Why? Consider this question carefully, since 
it is essential to understanding the difference between volume regulation 
and osmoregulation. 
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Atrial Natriuretic Peptide 


ANP is released from myocardial cells in the atria and, in heart failure, from 
the ventricles as well. It circulates primarily as a 28-amino acid polypeptide. 
Most of its actions are mediated by attachment to specific receptors on the 
cell membrane of target cells. The interior domain of these receptors has 
guanylate cyclase activity, leading to the formation of the second messenger 
cyclic GMP. 


Actions 

ANP has two major actions that may contribute to volume regulation: It is a 
direct vasodilator that lowers the systemic blood pressure, and it increases 
urinary sodium and water excretion. The natriuretic effect may be mediated 
both by an increase in GFR (due to combined afferent arteriolar vasodilata- 
tion and efferent arteriolar vasoconstriction) and by a reduction in tubular 
sodium reabsorption. The inner medullary collecting duct has been the best- 
documented tubular site of action. ANP acts in this segment by directly clos- 
ing the luminal membrane sodium channels through which luminal sodium 
normally enters the cell. ANP may also indirectly diminish sodium transport 
at this site by suppressing the release of both renin from the kidney and aldo- 
sterone from the adrenal gland. 

The relative roles of increased filtration and decreased reabsorption 
in the natriuresis induced by ANP are uncertain. The decline in collecting 
duct sodium reabsorption may be the initial response, since the hormone 
concentration required to achieve this effect is significantly lower than 
that to affect glomerular hemodynamics. The increment in GFR may con- 
tribute to the natriuresis with more marked volume expansion and higher 
ANP levels. 


Control of Atrial Natriuretic Peptide Secretion 

ANP is primarily released from the atria in response to volume expan- 
sion, which is sensed as an increase in atrial stretch. The right atrium 
may be more important than the left in normal subjects. With chronic 
cardiac overload in CHF, however, there is recruitment of hormone pro- 
duction by myocardial cells in the ventricles and, at least in animals, by 
the lungs. 

The release of ANP is increased in any condition associated with an ele- 
vation in cardiac filling pressures. Examples include a high-salt diet, CHF, 
and salt retention in renal failure. The rise in ANP secretion in these settings 
can be reversed by removal of the excess fluid. 


Physiologic Role of Atrial Natriuretic Peptide 

Despite the multiple sites at which ANP can affect sodium excretion and its 
appropriate release in response to changes in volume, the physiologic role of 
ANP as a natriuretic hormone remains uncertain. For example, infusion of 
ANP into normal humans generally induces only a modest diuresis. 
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The vasodilatation and subsequent fall in systemic and renal perfu- 
sion pressure induced by ANP may be responsible for its seemingly lim- 
ited natriuretic activity. It is possible, for example, that hypotension acts 
by diminishing the quantity of sodium delivered to the ANP-sensitive site 
in the inner medullary collecting duct. A clinical example of this phenom- 
enon may occur in CHF, a disorder in which cardiac output and renal per- 
fusion are reduced. These patients have high ANP levels but avidly retain 
sodium. 

The importance of reducing renal perfusion pressure on the natri- 
uretic effect of ANP has been demonstrated experimentally in transgenic 
mice given an extra ANP gene. These animals have a 10-fold elevation in 
plasma ANP levels, normal sodium balance, and a lower blood pressure 
than control animals. If, however, the blood pressure is elevated by vol- 
ume expansion, the natriuretic effect of ANP is unmasked, resulting in a 
marked increase in sodium excretion. Similarly, the apparent resistance to 
ANP in CHF can be largely reversed in animals by restoring renal perfusion 
to normal. 


Other Atrial Natriuretic Peptide-like Hormones 

It is possible that the major physiologic role of ANP is on circulatory hemody- 
namics and that other ANP-like hormones are more important regulators of 
sodium excretion. For example, a separate ANP-like hormone (ANP plus four 
additional N-terminal amino acids) has been identified in human urine and 
called urodilatin. Distal nephron cells have been shown to secrete an ANP 
prohormone that could be the precursor to urodilatin. Urodilatin excretion 
appropriately increases in response to volume expansion, and it can contrib- 
ute to the ensuing natriuresis by binding to the renal ANP receptors with the 
same activity as ANP itself. However, the mechanism by which urodilatin 
production is regulated is not known, and it is possible that the receptors 
controlling the secretion of ANP also regulate secretion of ANP-like peptides 
in the kidney. 

Brain natriuretic peptide (BNP) is an additional natriuretic hormone 
that is moderately homologous to ANP. It was initially identified in the brain 
but is also present in the heart, particularly the ventricles, not the atria. The 
circulating concentration of BNP is <20% of that of ANP in normal subjects 
but can equal or exceed that of ANP in patients with CHF. BNP levels are rou- 
tinely available and are elevated in patients with CHF. However, BNP levels 
are also elevated in numerous other clinical conditions and in patients with 
renal failure limiting its sensitivity. 

C-type natriuretic peptide (CNP) is structurally similar to the other natri- 
uretic peptides. It activates cyclic GMP via a different receptor from ANP and 
BNP. CNP is produced by vascular endothelial cells and in the kidney. Initial 
studies suggested that its major function may involve regulation of local 
blood flow. However, the rate of urinary excretion (but not the plasma CNP 
concentration) is increased in CHF, raising the possibility of a paracrine or 
autocrine role in sodium excretion. 
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SUMMARY 


From the viewpoint of the hormonal regulation of volume balance, ANP (or 
related hormones) and the renin-angiotensin—aldosterone system appear to 
function as counterbalancing systems. Renin release is stimulated (and that of 
ANP reduced) by volume depletion or a low-salt diet. The subsequent genera- 
tion of angiotensin II and aldosterone results in appropriate sodium retention 
(in the proximal tubule and collecting duct) and systemic vasoconstriction (to 
prevent a fall in the systemic blood pressure). In comparison, the release of 
ANP is enhanced by volume expansion (as with a high-salt diet) and results in 
increased sodium excretion and systemic vasodilatation. 

Although it is useful for the student to view sodium regulation in terms of 
these two hormonal systems, there are a number of other hormones that may also 
play a contributory role in certain settings. These include sodium-retaining hor- 
mones such as norepinephrine (which is released in response to volume depletion 
and increases proximal reabsorption) and natriuretic hormones such as dopamine 
(which is produced in the kidney from circulating L-dopa and which reduces prox- 
imal reabsorption in part by diminishing the activity of Na‘\-K*-ATPase pump). A 
putative endogenous digitalis-like hormone, which may be identical to ouabain, 
also may increase sodium excretion by impairing Na‘—K*-ATPase activity. 

In the aggregate, the hormonal regulation of sodium excretion allows 
sodium balance to be maintained in the face of varying sodium intake with- 
out any significant alteration in the systemic blood pressure. If, however, one 
or more of these regulatory systems are impaired, the reduced efficiency of 
sodium regulation will lead to initial changes in the plasma volume and sys- 
temic blood pressure. In this setting, the renal perfusion pressure becomes an 
important determinant of sodium excretion. 


An essential “backup” feature of the volume regulatory system that can com- 
pensate for an abnormality in the humoral control of Na* excretion is the phe- 
nomenon of pressure natriuresis. In normal subjects, a small elevation in blood 
pressure results in a relatively large increase in the urinary excretion of Na* and 
water. In contrast to the other mediators of tubular Na* transport, this pres- 
sure natriuresis phenomenon does not require neurally or humorally mediated 
sensor mechanisms, since changes in volume directly affect the cardiac output 
and therefore the systemic blood pressure. The mechanisms mediating these 
events are unclear but may involve prostaglandins and nitric oxide. 

The potential importance of pressure natriuresis can be illustrated by the 
phenomenon of aldosterone escape. Normal animals or humans given aldoste- 
rone anda high-salt diet initially retain sodium, leading to volume expansion and 
a mild rise in blood pressure; hypokalemia also occurs due to the stimulation of 
potassium secretion. Within a few days, however, there is a spontaneous natriure- 
sis that lowers the plasma volume toward normal. Thereafter, sodium intake and 
excretion remain equal, although mild hypertension and hypokalemia persist. 

ANP and pressure natriuresis have been thought to contribute to 
this response by decreasing tubular reabsorption at sites other than the 
aldosterone-sensitive cortical collecting duct. To evaluate experimentally the 
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effect of pressure natriuresis, a clamp was placed around the suprarenal aorta 
to prevent the increase in systemic pressure from being transmitted to the 
kidneys (day 0). As shown in Figure 2.8, there is now no escape phenomenon 
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FIGURE 2.8. Effect of the administration of aldosterone and a high-sodium 
diet on mean arterial pressure, cumulative sodium balance, and urinary sodium 
excretion in dogs in which renal perfusion pressure is initially held constant 
(days 0 to 7; middle panels) by a suprarenal aortic clamp (servocontrol). In this 
setting, the administration of aldosterone leads to a persistent fall in sodium excre- 
tion, producing progressive sodium retention and hypertension. When the clamp 
is released on day 7 (arrow), the increase in systemic pressure is now transmitted 
to the kidneys, resulting in a spontaneous diuresis, a reduction in the degree of 
sodium retention, and much less severe hypertension (right panels). 
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as sodium excretion remains at low levels. The continuing sodium retention 
in this setting leads to ever-increasing plasma volume expansion (as evi- 
denced from the positive sodium balance) and hypertension. 

When, however, the clamp is released on day 7, the renal perfusion pres- 
sure rises and aldosterone escape can now occur. The new steady state in 
which sodium intake and excretion are again equal on days 10 to 14 is similar 
to that seen in dogs given aldosterone but no aortic clamp: mild hyperten- 
sion but no edema, since only a small amount of sodium has been retained. 


Patients with marked narrowing of one or both renal arteries 
develop hypertension due primarily to increased renin release 
by the ischemic kidney(s) and subsequent angiotensin II 
EJ generation. One of the interesting observations in this disorder 
(renovascular hypertension) is that it occurs in fewer than 1% of 
patients with mild hypertension but in up to 40% with severe or refractory 
hypertension. Can you devise a hypothesis that would explain this 
propensity to produce only severe disease, even in patients with unilateral 
renal artery narrowing? 


Steady State 


Regulation of solute and water balance can occur via one of two mecha- 
nisms: (1) a set-point, in which the aim is to maintain solute concentration 
or volume at a specific level; or (2) a steady state, in which intake and output 
are maintained at an equal level. Although they produce a similar end result, 
these two mechanisms are somewhat different in that the plasma concentra- 
tion or volume varies with the steady state model to provide the signal that 
allows intake and output to remain equal. 

Fluid and electrolyte balance is primarily achieved by maintenance of 
the steady state. Figure 2.9, for example, illustrates the expected humoral 
responses—falling renin and aldosterone, and rising ANP—to increas- 
ing sodium intake from 10 up to 350 mEq/day (sodium intake in a regular 
American diet is usually between 80 and 250 mEq/day). These appropriate 
hormonal changes will persist as long as the high-sodium diet is continued. 

Itisimportant to consider the signal for this continued hormonal response, 
since sodium intake cannot be directly sensed. What is required is mild and 
usually subclinical volume expansion induced by the sodium loading. Figure 
2.10 depicts the sequential changes in urinary sodium excretion as intake is 
gradually increased. There is a lag of several days before excretion rises to the 
level of intake, leading to retention of some of the excess sodium. Thus, the 
new steady state is characterized by equal intake and excretion but a higher 
plasma volume due to an increase in body sodium stores. The degree of volume 
expansion that will occur is proportional to the degree of rise in sodium intake. 

For similar reasons, persistent mild hypervolemia also occurs in aldo- 
sterone escape as shown in Figure 2.8. Volume expansion is required to 
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FIGURE 2.9. Effect of gradually increasing sodium intake in normal subjects 
from a low value of 10 up to 350 mEq/day. Decreased activity of the renin- 
angiotensin—aldosterone system and increased ANP release are required for the 
excess sodium to be excreted. 
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FIGURE 2.10. Effect of gradually increasing sodium intake (top curve) in nor- 
mal subjects from a low value of 10 up to 350 mEq/day on urinary sodium 
excretion (bottom curve). There is a lag of several days before sodium excretion 
reaches the level of intake; it is this volume expansion that is the continuing signal 
for high ANP and low renin levels as seen in Figure 2.9. These changes would be 
reversed with the institution of a low-sodium diet. 
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counteract the sodium-retaining effect of aldosterone before a new steady 
state can be achieved. 


A 43-year-old man with kidney stones is told to increase his 
water intake, since lowering the concentrations of calcium and 
oxalate and raising the urine flow rate will tend to diminish 
9 | the likelihood of stone formation and growth. Describe the 
hormonal change that will occur to allow the excess water 
to be excreted. What will be the ongoing signal for this hormonal 
change to persist? 


Role of Impaired Renal Excretion in Electrolyte Disorders 


The concept of the steady state has a number of important clinical impli- 
cations, two of which will be considered here. First, the central role of the 
kidney in excreting ingested fluid and electrolytes implies that developing an 
electrolyte disorder characterized by retention of a substance will be mark- 
edly facilitated if there is an impairment in its renal excretion. 

As an example, Figure 2.11 shows the sequential changes in potas- 
sium balance after intake is increased from a relatively normal level of 
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FIGURE 2.11. Effect of increasing potassium intake from 100 up to 400 mEq/day 
on urinary potassium excretion and the plasma aldosterone and potassium con- 
centrations in normal subjects. Urinary excretion rises to equal intake by day 2 and 
persists through the study until day 20. Both a mild elevation in the plasma potas- 
sium concentration and an initial elevation in aldosterone release contribute to the 
reattainment of the steady state. 
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100 mEq/day up to 400 mEq/day. By the second or third day, the steady state 
is restored as excretion has risen to match intake. This is associated with 
elevations in the two major factors that enhance potassium excretion: aldo- 
sterone and the plasma potassium concentration itself (see Chapter 7). On 
day 20, intake and output are still equal but aldosterone levels have returned 
almost to baseline, and the plasma potassium concentration is now 4.3 
mEq/L, higher than the initial level of 3.8 mEq/L but lower than the peak 
level of 4.8 mEq/L. The increased efficiency of potassium excretion at this 
time has been called potassium adaptation and probably reflects a selective 
rise in Na*-K'-ATPase activity in the potassium-secreting principal cells in 
the cortical collecting duct. 

This experiment demonstrates the ability to markedly increase the 
rate of potassium excretion without much of an elevation in the plasma 
potassium concentration. The clinical lesson that can be drawn from this 
observation is that persistent hyperkalemia (plasma potassium concen- 
tration above 5.3 mEq/L) cannot occur in the absence of impaired renal 
potassium excretion. Thus, the differential diagnosis of this problem can be 
derived simply by knowing the factors that normally regulate potassium 
excretion other than the plasma potassium concentration: aldosterone 
and the distal delivery of sodium and water. One or both of these factors 
must be reduced if there is to be a defect in potassium excretion. Thus, 
one of the forms of hypoaldosteronism or decreased distal delivery (due 
to advanced renal failure or to marked volume depletion as in severe CHF) 
constitutes most of the differential diagnosis of persistent hyperkalemia. 
Enhanced potassium intake may contribute but cannot alone lead to 
potassium retention. 

Similar considerations apply to hyponatremia and metabolic alkalo- 
sis. Hyponatremia is essentially always due to the retention of ingested 
water. Normal subjects can excrete more than 10 L of water per day; thus, 
in the absence of an enormous increase in water intake, hyponatremia 
requires a decrease in the ability to excrete water. This will occur only 
when there is advanced renal failure or when there is an inability to nor- 
mally suppress the secretion of ADH, thereby preventing the excretion of 
dilute urine. The settings in which ADH release is persistently elevated 
(effective circulating volume depletion and the syndrome of inappro- 
priate ADH secretion) constitute almost all cases of hyponatremia (see 
Chapter 3). 

Metabolic alkalosis, on the other hand, is characterized by a rise in the 
extracellular pH due to an elevation in the plasma bicarbonate concentra- 
tion. Excretion of bicarbonate generally occurs with sodium to maintain 
electroneutrality. However, when the kidney is sodium avid due to effec- 
tive circulating volume depletion, there is a parallel increase in bicarbonate 
reabsorptive capacity. Thus, effective volume depletion is usually present in 
patients with persistent metabolic alkalosis (see Chapter 5). In this setting, 
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excretion of the excess bicarbonate (with sodium) to correct the metabolic 
alkalosis would worsen the degree of volume depletion. 


The patient described at the beginning of this chapter was put 

on a low-salt diet in an attempt to lower blood pressure. What 

changes in hormone secretion and volume will be present in the 
10! new steady state? 


The patient did not respond to salt restriction and a thiazide 
diuretic was added. Although her blood pressure fell to the 
normal range, she complained of lethargy and weakness. What 
11 do you think accounted for these symptoms? What protects 
such a patient from excessive diuretic-induced sodium loss? 


Time Course of Diuretic Action 

The steady state also has important implications for the use of diuret- 
ics. These drugs are used to increase NaCl excretion in hypertension and 
edematous states (see Chapter 4). The initial salt and water loss induced by 
the diuretic will activate counterregulatory systems that will serve to limit 
further losses. The hormonal changes that may occur include activation of 
the renin-angiotensin-aldosterone and sympathetic nervous systems and 
decreased release of ANP. 

From a balance viewpoint, the natriuretic effect of the diuretic is gradu- 
ally counteracted by increased activity of antinatriuretic forces. The latter 
will gradually rise until a new steady state is reached in which sodium intake 
and output are again equal. 

This relationship leads to two important rules concerning diuretic use, 
which apply as long as diuretic dose, dietary intake, and the severity of the 
underlying problem requiring administration of the diuretic are relatively 
constant: 


= Assuming that there is not a problem with drug absorption, the maximum 
natriuretic response to a diuretic will be seen with the first dose. As soon as 
the initial fluid loss occurs, the hypovolemia-induced activation of the 
counterregulatory systems will diminish the response to the second dose. 

= The attainment of the new steady state is generally achieved within 1 to 
2 weeks. Thus, all of the fluid and electrolyte disturbances that can occur 
(volume depletion, hypokalemia, hyponatremia, and metabolic alkalo- 
sis) will develop within this time. Whatever the values are at the end of 
this period, they represent the new steady state for that patient. Repeated 
blood samples do not need to be obtained at every visit unless there are 
new clinical circumstances affecting overall balance (such as gastrointesti- 
nal losses, acute renal failure). 
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SUMMARY 


This chapter has reviewed the basic principles involved in two largely separate 
pathways: osmoregulation (which maintains the plasma sodium concentration 


by affecting water excretion and water intake) and volume regulation (which 
maintains tissue perfusion by affecting sodium excretion). The disorders of 
water and sodium balance will be reviewed in Chapters 3 and 4. As will be 
seen, the approach to these disorders is markedly simplified by an understand- 
ing of normal physiology. 


What factors protect against the development of hypernatremia 
(a high plasma sodium concentration)? Patients with central 
diabetes insipidus have a variable decrease in ADH production, 
12 leading to a potentially marked increase in urine output. 
Nevertheless, the plasma sodium concentration is usually 
normal or high normal in this setting. Why? 


CASE DISCUSSION 


The patient presented at the beginning of the chapter has clearly become vol- 
ume depleted following the institution of diuretic therapy. Her weight has fallen 
by 2.5 kg, her blood pressure has fallen to a level that, although normal, might 
have occurred too quickly for her to adjust to, and her BUN is elevated out of 
proportion to the plasma creatinine concentration (see Chapter 11). In this set- 
ting, we might expect these symptoms in addition to high levels of angiotensin II 
and aldosterone, low levels of ANP, and a urine sodium concentration below 
25 mEq/L. The urine sodium concentration, however, is high (84 mEq/L) because 
persistent diuretic effect masks the hormonal tendency to sodium retention. 

Hypovolemia is also a stimulus to the release of ADH, and the relatively high 
urine osmolality of 553 mOsm/kg suggests that ADH is present. Although the 
persistently concentrated urine would also predispose to retention of ingested 
water and the development of hyponatremia (see Chapter 3), the plasma sodium 
concentration is in the low-normal range. The absence of a more prominent 
reduction in the plasma sodium concentration probably reflects a lack of water 
intake due to the patient's general malaise. 


vr rite 


ANSWERS T ESTION 


EN The loss of a dilute fluid such as sweat will lead to a rise in the plasma 
sodium concentration and a reduction in the extracellular fluid volume; the 
latter will lead to an appropriate reduction in urinary sodium excretion in an 
attempt to minimize further losses. 
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| 2 | Only one receptor is required to regulate concentration or osmolality, since 

all tissues are perfused by the same arterial blood. In comparison, tissues 
are often perfused at different rates, requiring local regulation. A simple example 
occurs with standing, as gravity results in increased flow to the lower extremities 
and decreased perfusion of the brain. 


EJ Sweat loss will lead to increased thirst and ADH release in an attempt to 

replace the water losses and lower the plasma sodium concentration toward 
normal. On the other hand, the associated volume depletion will activate the 
renin-angiotensin-aldosterone system and lower ANP release, thereby limiting 
further sodium losses. 


4 | If there is circulating antidiuretic hormone, the effects of the prostaglandin 
inhibitors will be to enhance the ADH effect on water reabsorption and 
lead to worsening hyponatremia. 


5| Loop diuretics inhibit NaCl uptake both in the loop of Henle and in the 
macula densa. Thus, the cells within the macula densa cells perceive 
decreased NaCl delivery, leading to increased renin release. 


6| Deficiency in aldosterone synthase will lead to a selective decrease in aldo- 

sterone production, a change that will tend to induce hyperkalemia and a 
modest tendency to sodium wasting. An abnormality in any of the other adrenal 
enzymes will diminish cortisol and aldosterone production, with the former 
enhancing the release of ACTH. The net mineralocorticoid effect will depend 
upon what happens to the production of deoxycorticosterone. Deficiency of 
21-hydroxylase (which is the most common) or deficiency of 3B-hydroxysteroid 
dehydrogenase will impair deoxycorticosterone synthesis, producing findings sim- 
ilar to isolated hypoaldosteronism. In comparison, deoxycorticosterone release 
will be enhanced with 17œ-hydroxylase or 11ß-hydroxylase deficiency, leading to 
findings of mineralocorticoid excess: hypokalemia due to urinary potassium wast- 
ing and mild volume expansion and hypertension. Edema will not occur due to 
the phenomenon of aldosterone escape. 


Although aldosterone and ANP affect sodium reabsorption, they produce 

parallel changes in water handling so that the plasma sodium concentration 
is not affected. Aldosterone, for example, increases sodium reabsorption in the 
cortical collecting duct. Water will follow (if ADH is present) down the osmotic 
gradient that has been created by loss of sodium from the tubular lumen. In the 
absence of ADH, aldosterone will initially increase the plasma sodium concentra- 
tion; this change, however, will stimulate both ADH release and thirst, leading to 
water retention and a return to normonatremia. These steps are reversed with 
ANP. If, for example, ADH is present, then the decline in sodium reabsorption will 
induce an equivalent reduction in water transport. These simple examples again 
illustrate the central role of ADH and thirst, not the volume regulatory hormones, 
in osmoregulation. 


8| Bilateral renal artery narrowing (also called stenosis) prevents the increase 

in systemic pressure from being transmitted to the kidneys, thereby impair- 
ing pressure natriuresis and predisposing to relatively severe hypertension as in 
Figure 2.8. With unilateral renal artery stenosis, the increased release of renin and 
angiotensin II from the stenotic kidney will produce contralateral vasoconstriction 
that will tend to impair pressure natriuresis on that side even in the absence of a 
stenotic lesion. 
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9 | Increased water intake requires a reduction in ADH release to allow the 
excess water to be excreted. Retention of a small amount of this water on 
day 1 to lower the plasma sodium concentration (usually by no more than 
1 mEq/L) and plasma osmolality constitutes the ongoing signal to maintain rela- 
tively low levels of ADH. 


10] Dietary sodium restriction will increase the activity of the renin—-angiotensin— 

aldosterone and sympathetic nervous systems and lower ANP release. Mild 
volume depletion due to the sodium deficit sustained on the first few days before 
the steady state was reestablished constitutes the signal for the hormonal changes 
to persist and for sodium excretion to remain at a low level. 


41 The symptoms in this patient were probably due to excess fluid loss (2.5 kg 

in 5 days) induced by the diuretic. The hormonal changes described in the 
answer to Question 9 act to minimize diuretic-induced sodium losses. A patient 
such as this with symptomatic volume depletion also may have a hypovolemic 
stimulus to ADH release (Fig. 2.4), a change that can lead to the retention of 
ingested water and a fall in the plasma sodium concentration. 


12 ADH release and thirst normally protect against the development of hyper- 

natremia, since they induce water retention that will lower the plasma 
sodium concentration toward normal. Even in the relative absence of ADH, stim- 
ulation of thirst is sufficient to prevent hypernatremia. Thus, patients with central 
diabetes insipidus complain of polydipsia (increased thirst) as well as polyuria 
(increased urine output). The thirst stimulus is so strong that hypernatremia is 
primarily seen in patients with impaired mental status or in infants who cannot 
express their desire to drink. The presence of hypernatremia in an alert adult is 
virtually diagnostic of a hypothalamic disorder affecting the thirst center. 
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DISORDERS OF WATER 
BALANCE 


A 53-year-old man has been feeling tired and weak for several weeks and now 
presents with several days of vomiting. He has a 60-pack-year history of smoking. 

Physical examination shows an ill-appearing man in no acute distress. Vital 
signs reveal a blood pressure of 120/80 with a 10 mmHg decline after assump- 
tion of the upright posture. The skin turgor is moderately reduced and the esti- 
mated jugular venous pressure is <5 cmH,O. These findings plus the orthostatic 
fall in blood pressure are compatible with volume depletion, presumably induced 
by vomiting. 

A left lower lobe mass is noted on chest X-ray. Further evaluation shows the 
mass to be an oat cell carcinoma. 

Initial blood and urine tests reveal the following: 


BUN = 42 mg/dL (9-25) 
Creatinine = 1.2 mg/dL (0.8-1.4) 

Na = 107 mEq/L (136-142) 

K =3.9 mEq/L (3.5-5) 

cl = 75 mEq/L (98-108) 
Total CO, = 22 mEq/L (21-30) 

Urine Na = 8 mEq/L (variable) 
Osmolality = 553 mOsm/kg (variable) 


67 


68 Renal Pathophysiology: The Essentials 


+ SET ETS I te Tee 
OBJECTIVES “L oo Ji 2 

j | By the end of this section, you should have an understanding of each 
IA — of the following issues: 


~~ & The factors that determine the plasma sodium concentration, includ- 
3 ing the role of potassium. 

* m The central role of impaired water regulation, not sodium regulation, 

4 in the genesis of hyponatremia (low plasma sodium concentration) 

5 and hypernatremia (high plasma sodium concentration). 

m The role of alterations in brain volume in the symptoms induced by 
changes in the plasma osmolality. 

m The mechanisms by which hyponatremia and hypernatremia occur 
and the basic principles involved in the differential diagnosis and 
treatment of these disorders. 

m A general approach to the patient complaining of polyuria, which 
may be arbitrarily defined as a urine output above 3 L/day (normal 
output ranges from 800 to 2,500 mL/day). 


Chapter 2 reviewed the basic principles involved in the regulation of 
sodium and water balance. One of the central concepts in Chapter 2 is that 
regulation of the plasma osmolality and its main determinant, the plasma 
sodium concentration, is achieved by alterations in water intake and excre- 
tion. It is not surprising, therefore, that alterations in the plasma sodium 
concentration (hyponatremia and hypernatremia) generally require an 
abnormality in one or both of the factors that affect water balance: ADH 
release and thirst. 

Before discussing the pathogenesis and approach to these disorders, 
it is helpful to review briefly the factors that determine the plasma sodium 
concentration and why maintenance of a relatively constant plasma sodium 
concentration is clinically important. 


Determinants of Plasma Sodium 
Concentration 


The main determinants of the plasma sodium concentration can be appre- 
ciated from a few simple calculations related to the plasma osmolality. The 
plasma osmolality can be estimated from two times the plasma sodium con- 
centration (PNa), because sodium salts comprise most of the extracellular 
osmoles (see Chapter 2): 


Plasma osmolality = 2x PNa (Eq. 1) 
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The plasma osmolality is also equal to the osmolality of the total body 
water (TBW) since the osmolality of almost all the body water compartments 
is the same. The osmolality of the TBW is equal to the ratio of the total body 
solutes to TBW: 


Plasma __ Total body Total body solutes 
osmolality water osmolality Total body water 


(Eq. 2) 


Total body solutes are comprised of extracellular (primarily sodium 
salts) and intracellular solutes (primarily potassium salts). Thus, 


Plasma osmolality = Extracellular + Intracellular solutes/TBW 
or 
Plasma osmolality = (2x Na,+ 2x K,)/TBW (Eq. 3) 


where Eq. 2 refers to the anions accompanying sodium and potassium and 
the subscript (e) refers to the exchangeable (or osmotically active) quantities, 
since some of the body sodium and potassium are bound in bone and in the 
cells where they are osmotically inactive. If Eqs. 1 and 3 are combined, 


Plasma Na = (Na,+ K,)/TBW (Eq. 4) 


The relationship described by Eq. 4 indicates that the plasma sodium 
concentration varies directly with Na, and K, and inversely with TBW. This 
prediction is confirmed experimentally in Figure 3.1 where a linear cor- 
relation is found between plasma sodium concentration and the sum of 
exchangeable sodium plus potassium divided by TBW. An important impli- 
cation of Eq. 4 and Figure 3.1 is that changes in concentrations of solutes that 
do not affect water movement (i.e., urea) will not impact the plasma sodium 
concentration. Adding sodium without water will raise the plasma sodium 
concentration, while adding water without sodium will lower the plasma 
sodium concentration. The effect of potassium is less direct, involving a 
transcellular cation exchange. For example, the loss of potassium from the 
extracellular fluid (as with diarrhea or vomiting) will lead to the movement 
of potassium out of the cells in an attempt to replete extracellular stores. 
The major intracellular anions are proteins and inorganic phosphates that 
are too large to leave the cells. Thus, the loss of potassium must be balanced 
by the movement of a cation into the cell (sodium or hydrogen) in order to 
maintain electroneutrality. The entry of sodium into the cells will tend to 
lower the plasma sodium concentration. 

One setting in which this relationship is often clinically important is the 
administration of intravenous fluids to replete a patient who has become 
volume depleted. For example, lowering the plasma sodium concentration 
toward normal in a patient who is hypernatremic requires the administration 
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FIGURE 3.1. Direct relationship between the sodium concentration in the 
plasma water and the ratio of total body exchangeable sodium plus potassium 
to the total body water. 


of a dilute solution, such as dextrose in water or one-half isotonic saline. 
The latter solution has a sodium concentration of 77 mEq/L, roughly one- 
half that of the plasma. In some cases, potassium is added to the replace- 
ment fluid since the patient has also become potassium depleted. However, 
potassium is as active osmotically as sodium and the addition of 40 mEq/L of 
potassium will make the fluid less dilute, being now equal to approximately 
three-quarters isotonic saline. Thus, it may be desirable to lower the sodium 
content (using one-quarter isotonic saline, which contains 38 mEq/L of 
sodium) to maintain the dilute nature of the replacement fluid. 


The patient described at the beginning of this chapter develops 
severe diarrhea due to viral gastroenteritis. The diarrheal 
fluid is isosmotic to plasma and has a sodium plus potassium 


concentration of 85 mEq/L. What effect will loss of this fluid 
have on the plasma sodium concentration? 


Clinical Importance of Osmoregulation 


In view of the ability of water to diffuse freely across virtually all cell mem- 
branes, maintenance of a relatively constant plasma sodium concentra- 
tion and plasma osmolality is essential for the maintenance of cell volume, 
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FIGURE 3.2. Brain water content in normal rabbits and three groups of rabbits 
with varying degrees of hyponatremia developing over a variable period of time. 
Cerebral edema and death occurred with acute hyponatremia (second panel), but 
more chronic reductions in the plasma sodium concentration produced a lesser 
degree of cerebral edema and few, if any, neurologic symptoms. A similar pattern, 
although in the opposite direction, occurs with hypernatremia. 


particularly in the brain. As shown in Figure 3.2, acute reduction in the 
plasma osmolality and plasma sodium concentration (from 140 down to 
119 mEq/L) over 2 hours creates an osmotic gradient that promotes the 
movement of water from the extracellular fluid into the brain (and other 
cells). The ensuing cerebral edema led to severe neurologic symptoms and 
all of the animals died. 

The outcome was very different when the plasma sodium concentra- 
tion was slowly reduced. In this setting, there was a lesser increase in brain 
water and the animals were asymptomatic (Fig. 3.2). Similar findings occur 
in humans as chronic hyponatremia typically produces no symptoms. 


Osmolytes and Cell Volume Regulation 


The only way for the brain cell volume to fall toward normal with persis- 
tent hyponatremia is for the cells to lose solutes, which will be followed by 
osmotic water loss. Both ions (sodium and potassium salts) and organic sol- 
utes (inositol and the amino acids glutamine and taurine) contribute to this 
adaptive response. Figure 3.3 shows that when plasma sodium concentration 
falls to 115 mEq/L on day 2 and 110 mEq/L on day 7, sodium and potassium 
account for approximately two-thirds of the solute that is lost (60 mOsm 
reduction from sodium and potassium and 35 mOsm lost as brain osmolytes; 
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FIGURE 3.3. Changes in brain water, sodium plus potassium content, and 
three brain osmolytes—inositol, glutamine, and taurine—after onset of hypo- 
natremia. The changes in values reported on the y-axis are in the same units that 
are listed along the bottom of each group. The numbers at the bottom represent 
the baseline values before the onset of hyponatremia. The return of brain water 
toward normal on day 7 even as hyponatremia worsened is due to increased loss 
of sodium, potassium, and osmolytes. 


total reduction 95 Osm). However, the fractional changes are quite different. 
Only about 10% of the cell cation was lost (60 out of 670), whereas almost 60% 
(35 out of 60) of the organic solutes was lost. 

These organic solutes play an important physiologic role and have been 
called osmolytes. Although loss of any solutes will tend to reverse cell swelling, 
osmolytes have an additional advantage in that changes in their concentra- 
tion do not interfere with protein function. In comparison, protein function 
can be substantially altered with changes in the intracellular sodium plus 
potassium concentration. Studies in hyponatremic animals have shown that 
the major osmolytes lost from the brain cells are the amino acids glutamine, 
glutamate, and taurine, and to a lesser degree the carbohydrate myoinositol. 
In humans with chronic hyponatremia, myoinositol and choline compounds 
were the primary organic solutes lost, with a smaller change occurring in glu- 
tamine and glutamate. 

Similar considerations apply to hypernatremia, although water and sol- 
utes move in the opposite direction. The initial rise in the plasma sodium 
concentration produces osmotic water movement out of the cells and cere- 
bral shrinkage. Beginning on the first day, however, the cell solute concentra- 
tion increases, resulting in water movement into the cells and the restoration 
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of brain cell volume toward normal. Osmolytes account for approximately 
one-third of this response. Enhanced myoinositol uptake from the extracel- 
lular fluid is mediated by an increased number of myoinositol transporters in 
the cell membrane. 


Implications for Symptoms and Treatment 


The sequential water fluxes induced by changes in the plasma sodium con- 
centration and osmolality have important implications both for the possible 
development of neurologic symptoms and for therapy. In general, only acute 
hyponatremia or hypernatremia produces neurologic symptoms (lethargy, 
seizures, coma) due to cerebral edema and cerebral shrinkage, respectively. 
The subsequent adaptations that restore brain volume toward normal are 
so effective that, unless very severe, few if any symptoms are seen in patients 
with chronic (induced over more than a few days) changes in the plasma 
sodium concentration (Fig, 3.2). 

These adaptations are also important considerations for the rate of cor- 
rection. If, for example, the cerebral edema induced by hyponatremia devel- 
oped rapidly (over hours as is sometimes seen in hyponatremia of marathon 
runners who overhydrate), then rapid correction of the plasma sodium con- 
centration to normal leads to a rapid efflux of water from the brain and safely 
lowers the brain volume back to the previous baseline. 

The outcome, however, is different when the cerebral edema has been 
partially corrected by the loss of cell solutes. In this setting, rapid correction 
can reduce the brain volume below normal and produce an osmotic demye- 
lination syndrome that may include findings of central pontine myelinolysis. 
This disorder, which may lead to irreversible severe neurologic damage, is 
characterized by paraparesis or quadriparesis, dysarthria (difficulty in speak- 
ing), dysphagia (difficulty in swallowing), and coma. 

Studies in animals and observations in humans suggest that this is 
most likely to occur when the plasma sodium concentration is raised in a 
patient with severe hyponatremia at a rate exceeding 0.5 mEq/L/hour or, 
more importantly, 12 mEq/L over the course of the day (Fig. 3.4). Similar 
recommendations apply to chronic hypernatremia, as overly rapid reduc- 
tion in the plasma sodium concentration can lead to cerebral edema and 
seizures. 

The aim of therapy is different in patients with symptomatic hypo- 
natremia or hypernatremia. In these settings, initially rapid correction is 
safe and may be lifesaving. The plasma sodium concentration can at first 
be returned toward normal at 1.5 to 2 mEq/L/hour until the symptoms 
resolve, followed by slower correction toward normal, again trying to 
keep the maximal daily change in the plasma sodium concentration from 
exceeding 12 mEq/L. How the rate of correction can be controlled will be 
discussed below. 
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FIGURE 3.4. Incidence of delayed neurologic complications (orange bars) in 
patients with severe hyponatremia (plasma sodium concentration <111 mEq/L) 
according to the rate of correction (expressed as mEq/L per hour) to a plasma 
sodium concentration of 120 mEq/L. Neurologic deterioration occurred only in 
patients corrected faster than 0.5 mEq/L/hour. 


Hyponatremia 


Hyponatremia (plasma sodium concentration below 135 mEq/L) is one of 
the most common electrolyte disorders. From Eq. 4, hyponatremia can be 
induced in only two ways: the loss of sodium plus potassium, or the reten- 
tion of ingested or infused water. However, solute loss (as with vomiting or 
diarrhea) almost always occurs in an isosmotic fluid that has a sodium plus 
potassium concentration less than that of the plasma. Loss of these fluids 
cannot directly lower the plasma sodium concentration. 

Thus, water retention leading to an excess of water in relation to solute is 
the common denominator in almost all hyponatremic states. The ingestion 
of water in normal subjects reduces the plasma osmolality and rapidly lowers 
ADH release, thereby allowing the excess water to be excreted in dilute urine. 
In the absence of ADH, the urine osmolality can fall to a level between 40 and 
100 mOsm/kg (below one-third that in the plasma) with a maximum water 
excretory capacity that can exceed 10 L in subjects on a regular diet. This 
enormous capacity for water excretion is much greater than the normal level 
of water intake, which is usually below 2.5 L/day. 
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The net effect is that water retention resulting in hyponatremia gener- 
ally occurs only when there is a defect in renal water excretion. An exception 
to this rule occurs in patients (often schizophrenic) with primary polydipsia 
who drink such large volumes of fluid that they can overwhelm even the nor- 
mal excretory capacity. 


Etiology 
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In the absence of advanced renal failure, a defect in water excretion that pro- 
motes the development of hyponatremia is almost always associated with 
an inability to suppress the secretion of ADH. Persistent ADH release is usu- 
ally due to one of four conditions: effective circulating volume depletion, the 
syndrome of inappropriate antidiuretic hormone (SIADH) secretion, cortisol 
deficiency, or hypothyroidism (Table 3.1). 


Major Causes of Hyponatremia and Hypoosmolality 


I. Disorders in which water excretion is impaired 
A. Effective circulation volume depletion 
1. Gastrointestinal losses: Vomiting, diarrhea, nasogastric tube 
drainage, bleeding 
2. Renal losses: Diuretics, salt-wasting kidney diseases 
3. Skin losses in which relatively dilute fluids are replaced with 
free water 
4. Congestive heart failure 
5. Hepatic cirrhosis 
6. Thiazide diuretics (which may act in part by inducing volume 
depletion) 
B. Syndrome of inappropriate antidiuretic hormone secretion 
1. Virtually any neuropsychiatric disorder or severe pain with or 
without narcotic administration 
2. Drugs: Such as the oral hypoglycemic agent chlorpropamide 
3. Ectopic production by tumors: Most often oat cell carcinoma 
of lung 
4. Postoperative patient, a response mediated by pain afferents 
5. Pulmonary diseases 
C. Advanced renal failure 
D. Hormonal changes 
1. Hypothyroidism 
2. Cortisol deficiency 
3. Pregnancy 


ll. Primary polydipsia 


Ill. Reset osmostat (see text) 
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The degree of water retention that will occur is related both to the level 
of water intake and to the severity of the diluting defect. Suppose that a 
patient with high ADH levels excretes 600 mOsm of solute (primarily sodium 
and potassium salts and urea) and has a net water intake (intake minus 
insensible losses from the skin) of 2,000 mL. The urine osmolality will average 
300 mOsm/kg (600 mOsm in 2 L) if all the ingested water can be excreted. 
If, however, the minimum urine osmolality were 400 mOsm/kg due to the 
persistent secretion of ADH, then the 600 mOsm of solute will be excreted 
in only 1,500 mL (600 mOsm/400 mOsm per kg), resulting in the retention of 
500 mL of water and a gradual fall in the plasma sodium concentration. 
Water balance could be maintained in this setting only if water intake were 
lowered to 1,500 mL/day. 


Although water handling is impaired in SIADH, the volume 

regulatory pathways are intact (such as the renin—angiotensin- 

aldosterone system). What effect will the initial water retention 
2 | have on volume regulation and urinary sodium excretion? 


An examination of all of the causes of hyponatremia is beyond the scope 
of this book. Nevertheless, it is instructive to review the underlying mecha- 
nisms responsible for the development of hyponatremia in three of these dis- 
orders: congestive heart failure and SIADH (the two most common), and a 
reset osmostat. 


Congestive Heart Failure 

Increasing cardiac dysfunction is associated with a progressive fall in cardiac 
output that promotes the development of hyponatremia in two major ways 
(each of which also may apply to the other hypovolemic states in Table 3.1): 


= The low cardiac output leads to enhanced secretion of the three “hypovo- 
lemic hormones”: renin, norepinephrine, and ADH (see Chapter 2). ADH 
directly enhances water retention, whereas angiotensin II and norepineph- 
rine induce renal vasoconstriction and lower renal blood flow, another fac- 
tor that can impair water excretion. 

= The hypovolemic stimulus to ADH release also increases thirst. The ensu- 
ing elevation in water intake will further enhance the tendency to water 
retention. 


Each of these problems increases in parallel with the severity of the car- 
diac disease. Thus, hyponatremia alone is an important prognostic finding 
in the absence of some other cause for a low plasma sodium concentration. 
Patients with advanced congestive heart failure who have a plasma sodium 
concentration below 137 mEq/L have a mean survival that is only one-half 
that of normonatremic patients with clinically equivalent cardiac dysfunc- 
tion. A plasma sodium concentration below 125 mEq/L is indicative of 
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almost end-stage heart disease. Similar considerations apply to hepatic cir- 
rhosis. (See Chapter 2 for a discussion of the mechanism of effective volume 
depletion in hepatic cirrhosis.) 


Assume that increased ADH release plays an important role in 
diuretic-induced hyponatremia. Why would a loop diuretic that 
inhibits NaCl transport in the thick ascending limb of the loop of 


Henle be less likely than a thiazide to cause hyponatremia? Consider 
the physiology of the countercurrent mechanism (see Chapter 1). 


Syndrome of Inappropriate Antidiuretic Hormone 

SIADH is most often seen with neurologic disease, pulmonary disease, malig- 
nancy, and with medications (Table 3.1). The persistent secretion of ADH in 
this disorder occurs either in the hypothalamus or ectopically in patients 
with tumor-induced disease. There is typically a gradual reduction in the 
plasma sodium concentration (unless water intake is very high) and most 
patients are asymptomatic. 

As mentioned above, the degree of hyponatremia is proportional both to 
the severity of the diluting defect and to the level of water intake. It is impor- 
tant to emphasize that ADH alone cannot cause hyponatremia in the absence 
of water intake. For example, patients with tumor-induced disease may present 
to the hospital with a relatively normal plasma sodium concentration because 
decreased appetite limited the amount of fluid intake. Once admitted, how- 
ever, intravenous fluid administration is begun and hyponatremia develops. 


Sodium handling is intact in SIADH where the only defect is 

in water excretion. Assume that a patient with this disorder 

has a plasma sodium concentration of 115 mEq/L and a urine 

osmolality that is relatively fixed at 616 mOsm/kg. In this 

setting, what will happen to the plasma sodium concentration in 
the steady state after the administration of 1 L of isotonic saline (containing 
154 mEq/L each of sodium and chloride or 308 mOsm)? Consider that 
isotonic saline is composed of sodium and chloride mixed in water. 


Reset Osmostat 

A subset of patients with mild hyponatremia and SIADH have a reset 
osmostat. The characteristics of this disorder are determined by the almost 
normal functioning of the osmoreceptors and therefore of ADH release: 


= The urine can be appropriately diluted after a water load, as ADH secretion 
is shut off. 

= The urine can be appropriately concentrated if the plasma osmolality is 
raised by water restriction, as ADH secretion is increased. 

= The plasma sodium concentration is stable. 
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Thus, these patients behave similarly to normal subjects except that the 
threshold for ADH release is reduced, occurring at a plasma sodium concen- 
tration of 125 mEq/L rather than at the normal level of 138 to 140 mEq/L. 

The main clue suggesting that a patient has a reset osmostat rather than 
relatively unregulated ADH release as in SIADH is that the plasma sodium 
concentration varies within a narrow range of only a few milliequivalents per 
liter over many days of observation. 

Establishing the diagnosis is clinically important because the hypona- 
tremia cannot and should not be treated. These patients are asymptomatic 
and are not at risk of more severe hyponatremia, since they can appropriately 
suppress ADH release and excrete excess water. Furthermore, attempting to 
raise the plasma sodium concentration will have the same effect as in normal 
subjects: intense stimulation of thirst and of ADH release that will prevent 
any elevation from persisting. Therapy should be directed, if possible, only 
at correcting the underlying disorder, such as severe malnutrition, hypothy- 
roidism, or adrenal insufficiency. 


Diagnosis 


The history and physical examination often provide important clues suggest- 
ing the presence of one of the disorders in Table 3.1. Routine laboratory tests 
should include measurement of the plasma creatinine concentration (to rule 
out renal failure) and, if indicated, evaluation of adrenal and thyroid func- 
tion. In addition, three simple tests can help to establish the correct diag- 
nosis: plasma osmolality, urine osmolality, and urine sodium concentration. 


Plasma Osmolality 

Patients with any of the causes of true hyponatremia in Table 3.1 will have a 
proportionate reduction in the plasma osmolality. There are, however, some 
disorders in which the plasma osmolality is normal or even increased and in 
which treatment is not directed at the hyponatremia. Some of these disorders 
are characterized by the movement of water out of cells into the plasma vol- 
ume. The most common is hyperglycemia in uncontrolled diabetes mellitus. 
In this setting, the rise in the plasma glucose concentration will increase the 
plasma osmolality, leading to osmotic water movement out of the cells and 
a dilutional reduction in the plasma sodium concentration. Correction of 
the hyperglycemia with insulin will reverse this process and raise the plasma 
sodium concentration toward normal. Pseudohyponatremia refers to those 
disorders in which marked elevations of substances, such as lipids and pro- 
teins, result in a reduction in the fraction of plasma that is water and an arti- 
ficially low measured serum sodium concentration. 


Urine Osmolality 
Patients with primary polydipsia are able to appropriately suppress ADH 
release, leading to excretion of a maximally dilute urine with an osmolality 
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below 100 mOsm/kg. Patients with a higher urine osmolality have an impair- 
ment in water excretion that is usually due to the presence of ADH. 


Urine Sodium Concentration 

Effective circulating volume depletion and (assuming that adrenal and thyroid 
disease have been excluded) SIADH are the two major causes of true hypona- 
tremia with an inappropriately high urine osmolality. These disorders can gen- 
erally be distinguished by measuring the urine sodium concentration. Patients 
with hypovolemia are sodium avid in an attempt to limit further losses; as a 
result, the urine sodium concentration is generally below 25 mEq/L. In com- 
parison, patients with SIADH are normovolemic and sodium excretion in the 
steady state is equal to intake. Since normal sodium intake is generally greater 
than 80 mEq/day, the urine sodium concentration is typically above 40 mEq/L. 


In the case presented at the beginning of this chapter, the 
patient is initially hypovolemic (as evidenced by the low urine 
sodium concentration) but may have underlying SIADH due 
5 | to the carcinoma of the lung. Therapy is begun with isotonic 
saline and the next morning the plasma sodium concentration 
has partially corrected up to 122 mEq/L. At this time, there are three 
possibilities: Hypovolemia alone was responsible for the hyponatremia and 
the patient is still volume depleted, since not enough saline was given; 
hypovolemia alone was responsible for the hyponatremia and the patient 
is now normovolemic; the patient is now normovolemic but also has 
underlying SIADH. How could you use the urine sodium concentration and 
urine osmolality to distinguish between these possibilities? 


Basic Principles of Therapy 


There are two basic mechanisms by which the plasma sodium concentra- 
tion can be raised in a hyponatremic patient: the administration of sodium 
(or potassium if the patient is also hypokalemic), or restricting water intake 
to induce negative water balance. The choice of therapy depends in part 
upon the underlying disease: 


= Water restriction in an edematous patient with congestive heart failure, 
hepatic cirrhosis, or renal disease. These patients also have too much 
sodium (as manifested by the edema) and therefore should not be given 
sodium unless they have symptomatic hyponatremia. 

= Isotonic saline or oral salt in patients with true volume depletion due to 
gastrointestinal losses or bleeding. This regimen will correct the hypona- 
tremia by two mechanisms. First, the sodium concentration in the saline 
(154 mEq/L) is higher than that in the plasma. Secondly, saline will reverse 
the volume depletion, eventually removing the hypovolemic stimulus to 
ADH release and allowing the excess water to be excreted. 
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= Water restriction in patients with primary polydipsia (in whom increased 
intake is the primary problem) and in most patients with SIADH. As shown 
in Question 4, isotonic saline should generally be avoided in SIADH: The 
administered salt will be excreted and some of the water will be retained, 
leading to a further reduction in the plasma sodium concentration. This 
adverse effect does not occur with volume depletion, since both the salt 
and the water will be retained. 

m Cortisol or thyroid hormone replacement in patients with adrenal insuf- 
ficiency or hypothyroidism. 

= No therapy for a reset osmostat. 


As described above, patients with chronic hyponatremia are typically 
asymptomatic and may suffer neurologic damage if the plasma sodium con- 
centration is raised too rapidly (Fig. 3.4). In comparison, more rapid correc- 
tion is indicated in symptomatic patients with acute hyponatremia. In this 
setting, hypertonic saline (which contains 513 mEq of sodium per liter) is 
usually administered in an attempt to raise the plasma sodium concentra- 
tion at an initial rate of 1.5 to 2 mEq/L/hour until the symptoms resolve. The 
amount of sodium required can be estimated from the following formula to 
estimate the plasma sodium deficit: 


Sodium deficit = Volume of distribution x sodium deficit per liter 


The volume of distribution of the plasma sodium concentration is equal 
to the TBW, which is approximately 60% and 50% of lean body weight (LBW) 
in men and women, respectively. Thus, to raise the plasma sodium concen- 
tration from 105 up to 120 mEq/L in a 50-kg lean woman 


Sodiumrequired = 50X 0.5 X (120 — 105) 
= 375 mEq 


Since the aim is to correct the hyponatremia at an average rate of 
0.5 mEq/L/hour in an asymptomatic patient, these 375 mEq should be given 
over 30 hours (or 12.5 mEq/hour) to produce a 15-mEq/L elevation in the 
plasma sodium concentration. This requires approximately 25 mL/hour of 
hypertonic saline, each milliliter of which contains roughly 0.5 mEq of sodium 
(513 mEq/L). Careful monitoring is required during this period to ascertain 
that the desired rate of correction is being achieved. It is important to empha- 
size that although therapy for correction of hyponatremia is often directed 
at sodium replacement, these clinical conditions are disorders of ADH and 
water regulation. Although water intake should be restricted, there are now 
options for increasing renal water excretion by blocking ADH actions in the 
collecting duct with V, receptor antagonists. These drugs function as aquaret- 
ics promoting water excretion by inhibiting the V2 vasopressin receptor. 
An oral preparation (tolvapatan) is available but should be used with caution 
in order to avoid too rapid a correction of the serum sodium concentration. 
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Why is the TBW used as the volume of distribution even though 
the administered sodium will be limited to the extracellular 
space, which is only about 20% of the lean body weight? 


Hypernatremia 


Hypernatremia (plasma sodium concentration above 146 mEq/L) is asso- 
ciated with hyperosmolality, since sodium salts are the major extracellular 
solutes. In almost all cases, the elevation in the plasma sodium concentra- 
tion is induced by unreplaced water losses, although a similar effect can 
result from the administration or ingestion of a hypertonic sodium solution 
in which the sodium concentration is higher than that in the plasma. 

To appreciate the settings in which hypernatremia is most likely to 
occur, it is important to remember that the normal defense against an eleva- 
tion in the plasma sodium concentration is the stimulation of ADH release 
and thirst (Fig. 3.5). The ensuing combination of decreased water excretion 
and increased water intake results in water retention and a reduction in the 
plasma sodium concentration toward normal. 
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FIGURE 3.5. Relationship of the plasma ADH concentration to plasma osmo- 
lality in normal humans in whom the plasma osmolality was varied by changing 
the state of hydration. The threshold for ADH release is usually between 280 and 
285 mOsm/kg; little or no ADH is released below this level, while ADH secre- 
tion rises progressively with higher plasma osmolalities. The threshold for thirst is 
thought to be 2 to 5 mOsm/kg higher than that for ADH release. 
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Although ADH is clearly important, it is thirst that provides the ultimate 
protection against hypernatremia. For example, patients with severe cen- 
tral diabetes insipidus (CDI) secrete little or no ADH, leading to diminished 
water reabsorption in the collecting duct and a marked increase in the urine 
output. Nevertheless, water balance is maintained and the plasma sodium 
concentration is normal or in the high-normal range because water intake is 
appropriately stimulated to match output. 

Thus, hypernatremia due to water loss occurs primarily when thirst can- 
not be normally expressed: in adults with altered mental status, intubated 
patients in an intensive care unit (ICU), and in children who are unable to 
ask for water. 


An alert patient is asymptomatic but has a plasma sodium 
concentration that ranges between 150 and 160 mEq/L. What 
defect must be present and where would the anatomic location 
of such a lesion be? 


Etiology 


The major causes of hypernatremia are listed in Table 3.2, with unreplaced 
water losses being most common. For example, the osmolality of fluid lost 
from the skin and respiratory tract ranges from near zero (with evaporative 
losses) to <200 mOsm/kg (with sweat). 

However, even isosmotic losses can cause hypernatremia if the water 
is not replaced. As described previously, the plasma sodium concentration 
is determined by three factors: sodium, potassium, and water (see Eq. 3). 
As a result, when considering the osmotic effect of fluid that is lost, it is 
the sodium plus potassium concentration, not the total osmolality that is 
most important. This principle can be illustrated by considering the dif- 
ferent forms of diarrhea in which the fluid lost is generally isosmotic to 
plasma. Secretory diarrheas such as cholera have a sodium plus potassium 


Major Causes of Hypernatremia 


l. Increased water losses that are unreplaced due to impairment of thirst 
A. Insensible and sweat losses: Fever, respiratory infections 
B. Urinary losses: Central or nephrogenic diabetes insipidus, osmotic 
diuresis due to glucose or mannitol 
C. Gastrointestinal losses 
D. Hypothalamic lesion affecting the thirst center (very rare) 


Il. Administration of hypertonic sodium chloride or sodium bicarbonate 
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concentration similar to that in the plasma. Loss of this fluid will cause 
volume and potassium depletion but will have no direct effect on the plasma 
sodium concentration. 

In comparison, the fluid lost with most other infectious diarrheas usu- 
ally has a sodium plus potassium concentration between 40 and 100 mEq/L 
(vs. 145 to 150 mEq/L in the plasma) with urea and other organic solutes 
(that do not affect the plasma sodium concentration) accounting for most of 
the remaining solutes. The loss of fluid with a sodium plus potassium con- 
centration below that of the plasma will directly raise the plasma sodium 
concentration. In this circumstance, the water losses are proportionally 
greater than the sodium and potassium losses resulting in hypernatremia. 
The concurrent presence of fever may also contribute by increasing insen- 
sible water losses. 

Loss of water in excess of sodium plus potassium also occurs in uncon- 
trolled diabetes mellitus. In this setting, the plasma glucose concentration is 
so high that the filtered glucose load exceeds glucose reabsorptive capacity 
in the proximal tubule. The ensuing presence of large amounts of nonreab- 
sorbed glucose in the tubular lumen carries water with it (a process called an 
osmotic diuresis). The net effect is that the sodium plus potassium concentra- 
tion in the urine is well below that of the plasma, thereby raising both the 
plasma sodium concentration and the plasma osmolality. 

However, the plasma sodium concentration is often not elevated in 
patients who present with uncontrolled diabetes mellitus because of the 
counteracting hyponatremic effect of hyperglycemia. As described above, 
the elevation in plasma glucose concentration causes osmotic water move- 
ment out of the cells, thereby lowering the plasma sodium concentration by 
dilution. However, unlike hyponatremia that occurs with lower serum osmo- 
lality, this form of hyponatremia is associated with elevated serum osmolal- 
ity resulting from the hyperglycemia. Treatment with insulin will correct this 
form of hyponatremia. The subsequent reduction in plasma osmolality will 
cause water to move back into the cells, unmasking the underlying hyperna- 
tremia induced in part by the osmotic diuresis. 

The most common cause of hypernatremia is an infection (such as pneu- 
monia or a urinary tract infection) in an elderly patient with diminished 
mental status. The infection will increase insensible water losses, while the 
dementia will limit the protecting effect of thirst. 

Other causes of hypernatremia, such as central (diminished ADH 
release) or nephrogenic (renal resistance to ADH) diabetes insipidus, will be 
discussed in the section on polyuria. 


Diagnosis 


Assuming that the hypernatremia is not due to the administration of a hyper- 
tonic sodium solution or salt tablets, the differential diagnosis is aimed at 
identifying the source of the water loss. The history is helpful in many cases, 
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as the examiner should ask about a possible recent infection, vomiting, diar- 
rhea, or increased urinary losses (polyuria). Both the plasma glucose concen- 
tration and a test of the urine for glucose (with a dipstick or tablet) should be 
performed. 

In some cases, the information that can be obtained is initially limited 
by neurologic abnormalities induced either by hypernatremia or much more 
commonly by the cerebral disease responsible for impairing the thirst mech- 
anism. In this setting, the urine osmolality should be measured to assess the 
integrity of the ADH-renal axis (Table 3.3). 

The normal response to hypernatremia is to increase ADH release 
(Fig. 3.5), resulting in a urine osmolality that can reach a maximum of 1,000 
to 1,200 mOsm/kg in normal subjects (a level more than three times that 
in the plasma). Renal responsiveness to ADH is reduced in elderly subjects 
who are most at risk of developing hypernatremia, so that a urine osmolal- 
ity above 500 mOsm/kg can be accepted as representing relatively intact 
ADH release and renal response in this group. The presence of concentrated 
urine suggests that the water loss responsible for the elevation in the plasma 
sodium concentration is, in the absence of on osmotic diuresis, coming from 
extrarenal sources. 

In comparison, a urine osmolality below that of the plasma (<300 mOsm/ 
kg) is indicative of a major impairment either in ADH release (central) or 
response (nephrogenic). Although this distinction will be discussed below, 
the diagnosis can usually be established in the hypernatremic patient by 
administering DDAVP, an analog of ADH. The urine osmolality should rise by 
at least 50% in the first 2 hours (with a concomitant fall in urine volume) in 
patients with CDI who are ADH deficient. In contrast, patients with nephro- 
genic diabetes insipidus (NDI) show little or no response since their defect is 
in the response to, rather than in the production of, ADH. 


Diagnostic Utility of Urine Osmolality in Hypernatremia 


Response to Antidiuretic 


Urine Osmolality Cause Hormone 
>500 mOsm/kg Extrarenal water losses Little or none, since 
Osmotic diuresis maximum endogenous 
release 
<300 mOsm/kg Central diabetes insipidus More than 50% rise in 
(complete or severe) urine osmolality 
Nephrogenic diabetes Little or none 


insipidus (severe) 


Values between 300 and 500 mOsm/kg are relatively nonspecific, and can 
be seen in almost any of the causes of hypernatremia, including partial CDI. 


Treatment 


The basic concerns in the correction of hypernatremia are similar to those 
described for hyponatremia: A slowly developing elevation in the plasma 
sodium concentration is unlikely to produce many neurologic symptoms, 
and overly rapid correction may be dangerous. The development of hyperna- 
tremia causes water movement out of the brain; this is followed by the gener- 
ation of osmolytes that return brain volume toward normal (Fig. 3.6). At this 


Polyuria is one of the major clinical findings in either central 

or nephrogenic diabetes insipidus. However, the urine output 

may not be very high on admission when the patient is volume 
depleted due either to unreplaced urinary water loss or to 
concurrent extrarenal water loss. Remembering that ADH increases 
water reabsorption in the collecting duct by enhancing the water permeability 
of the luminal membrane, by what mechanisms might volume depletion 
lower the urine output when ADH release or renal responsiveness is reduced? 
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time, often when the patient is being evaluated by the physician, overly rapid 
reduction in the plasma sodium concentration can cause excessive water 
movement into the brain and potentially symptomatic cerebral edema. 


Brain water (g/100 g dry weight) 


400 
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300 
Baseline 1 hour 4 hours 7 days 


FIGURE 3.6. Effect of sustained elevation in plasma sodium concentration to 
a level between 170 and 180 mEq/L on brain water content in rabbits. The initial 
osmotic brain shrinkage begins to correct on the first day and brain volume is near 
normal by day 7. 
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To minimize this risk, it is recommended that the plasma sodium con- 
centration be reduced at a maximum rate of 12 mEq/L/day, similar to the 
recommended rate in hyponatremia. This is usually achieved by the admini- 
stration of water orally or intravenously (as dextrose in water). Sodium or 
potassium can be added if there are concurrent volume or potassium deficits. 


Water Deficit 

Attaining a proper rate of fluid replacement requires calculation of the 
estimated water deficit. The formula used in this setting can be derived in 
the following manner. The quantity of osmoles in the body is equal to the 
osmolal space (the TBW) times the osmolality of the body fluids or plasma 
osmolality: 


Total body osmoles = TBW x plasma osmolality 


Since the plasma osmolality is primarily determined by the plasma 
sodium (Na) concentration, 


Total body osmoles = TBW x plasma [|Na] (Eq. 5) 
If hypernatremia results only from water loss, then 
Current body osmoles = Normal body osmoles 
or, if the normal plasma Na* concentration is 140 mEq/L, 


Current body water (CBW ) x plasma [Na] 
= Normal body water (NBW ) x 140 


By rearrangement, 


plasma [Na] 
NBW = CBW x 740. (Eq. 6) 


The water deficit can then be estimated from 
Water deficit = NBW — CBW 
or by substituting from Eq. 6: 


plasma [Na] 


)- CBW 
140 


Water deficit = (caw x 


(Eq. 7) 


plasma [Na] F ) 
140 


Water deficit = cew x ( 


CHAPTER 3 Disorders of Water Balance 87 


The TBW is normally about 60% and 50% of LBW in men and women, 
respectively. However, it is probably reasonable to use values about 10% 
lower in hypernatremic patients who are water depleted. Thus, in women, 
Eq. 7 becomes 

lasma [Na 


Water deficit = 0.4 x LBW x ( 
140 


This formula estimates the amount of positive water balance required 
to return the plasma Na* concentration to 140 mEq/L. It does not, however, 
include ongoing losses and any additional isosmotic fluid deficit that is fre- 
quently present when both Na* and water have been lost, as occurs with an 
osmotic diuresis or diarrhea. 


A 60-kg man in a nursing home becomes confused and stops 
drinking after developing diarrhea due to viral enteritis. He is 
admitted to the hospital with a plasma sodium concentration of 
168 mEq/L; the urine osmolality is 543 mOsm/kg. What factors 
contributed to the hypernatremia? 
Calculate the water deficit required to raise the plasma sodium 
concentration from 140 to 168 mEq/L in this patient. Over what period 
of time should this quantity of free water be given to correct the 
hypernatremia at the recommended rate? Is this the total amount of water 
that must be given to correct the free water deficit? Would your orders 
change if, because of concurrent hypokalemia, 40 mEq of potassium were 
added to each liter of fluid? 


One additional aspect of therapy is treatment of the underlying disease to 
minimize further free water losses. This is most important with a glucose- 
induced osmotic diuresis (which should be treated with insulin) and with 
CDI (which should be treated with DDAVP). 


Concept of Free Water Clearance 

To adequately replace free water loss in hypernatremia, regardless of the 
etiology, it is necessary to replace urinary free water losses. In the setting of 
NDI, these ongoing losses can be many liters per day. To measure the amount 
of solute-free water that the kidney can excrete per unit time, one can calcu- 
late the free water clearance, Cro The total urine volume can be thought of as 
the volume necessary to excrete the solute load isosmotic to plasma plus the 
urinary free water clearance. The excretion of the solute load is obligatory 
(fixed) while the free water clearance can be negative or positive depending 
upon whether the urine is hyper- or hypo-osmolar with respect to the plasma: 


Volume(V)=C „pt Cao (Eq. 9) 
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The C „m can be calculated from the general formula for clearance, 


C= UV/P 
Cir T (Ui x vy P 


osm 


If Eq. 9 is now solved for the C, „, then 


H,O? 
Cro = Co. 
Cro =V- VU, IP sed (Eq. 10) 


However, in terms of plasma sodium concentration, only the exchange- 
able extracellular solutes (sodium and potassium) will contribute to plasma 
osmolality (see above). Therefore, it is the electrolyte free water clearance 
that is important for calculating losses. Substituting into Eq. 10, we get 


(Eq. 11) 


Nat+K Wa) 


Cy o=V— V(U n/P 


Polyuria 


Polyuria (an increase in urine output) is a relatively common clinical complaint 
that is arbitrarily defined as an output exceeding 3 L/day. We can derive most 
of the differential diagnosis by considering how water is reabsorbed in the dif- 
ferent nephron segments: It passively follows the reabsorption of sodium in the 
proximal tubule and loop of Henle, and it is reabsorbed independent of sodium 
in the collecting duct under the influence of ADH (see Chapters 1 and 2). 
Urine volume is intrinsically linked to two factors: (1) the amount of solute to 
be excreted and (2) the effects of ADH. Solutes generated from metabolism 
and oral intake are relatively constant and averages from 600 to 800 mOsm/ 
day; ADH is regulated as described in Chapter 2. Figure 3.7 shows the linear 
increase in urine volume as solute excretion increases. However, this is dra- 
matically affected by whether the urine is maximally dilute (no ADH; urine 
osmolality ~70 mOsm/kg) or maximally concentrated (maximum ADH; urine 
osmolality ~1,400 mOsm/kg). Based upon this range of urine osmolality gen- 
erated by healthy kidneys, the normal extremes in urinary volume per day can 
be appreciated; a minimum of approximately 500 mL (600 to 800 mOsm) in 
maximally concentrated (1,400 mOsm/kg) urine to approximately 9 to 11 L 
(600 to 800 mOsm) in maximally dilute (70 mOsm/kg). 

Thus, there are two major mechanisms that result in polyuria: those 
that decrease sodium reabsorption in the proximal nephron (filtration of 
osmotically active molecules such as glucose) resulting in an osmotic diuresis 
(>800 mOsm/day) and processes that affect ADH levels or renal responsive- 
ness to ADH in the collecting duct (resulting in a water diuresis). Decreased 
sodium reabsorption is most often not only due to the glucose-induced 
osmotic diuresis in uncontrolled diabetes mellitus but can also be seen with 
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FIGURE 3.7. Effects of ADH and solute excretion on urine volume. It is assumed 
that the U m is 70 mOsm/kg in the absence of ADH and 1,400 mOsm/kg with 
maximum ADH effect. 


any solute that is filtered but not reabsorbed (i.e., mannitol). In other cases, 
the diuresis reflects an appropriate response to volume expansion as might 
be seen with the excessive administration of intravenous saline. 

Other than diabetes mellitus, most cases of polyuria represent a water 
diuresis in which the urine osmolality is less than that in the plasma due to 
decreased water reabsorption in the collecting ducts. The polyuria in this 
setting is due to diminished ADH effect, which can be induced in one of 
three ways: 


= Decreased ADH production in CDI. This disorder is often idiopathic, but 
can also be induced by a variety of diseases, the most common of which are 
trauma, pituitary surgery, and hypoxic encephalopathy. 

= Reduced renal response to ADH in NDI. ADH resistance that is severe 
enough to produce polyuria in adults is rare in adults except for two set- 
tings: chronic lithium ingestion (for bipolar disease) and hypercalcemia. 
The mechanisms by which lithium and calcium impair the response to 
ADH are incompletely understood. 

= Decreased ADH production is due to a primary increase in water intake 
(called primary polydipsia). In this setting, initial water retention lowers 
the plasma sodium concentration, thereby reducing ADH release. Note 
that the polyuria in this disorder is appropriate, but not abnormal as in the 
two forms of diabetes insipidus. 
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Considering that diabetes insipidus is a water losing state 

and primary polydipsia is a water excess state, how might 

the plasma sodium concentration be helpful in distinguishing 
10! between these conditions? 


Diagnosis 


The cause of polyuria due to a water diuresis can be suspected from the history 
if one of the causes of central or NDI is present. The definitive diagnosis, how- 
ever, is made from raising the plasma osmolality, using either water restric- 
tion or the administration of hypertonic saline (Fig. 3.8). Plasma ADH levels 
or, more simply and cheaply, the urine osmolality and urine volume are then 
monitored along with the plasma osmolality. As shown in Figure 3.5, the nor- 
mal response to this elevation in plasma osmolality is a progressive increase in 
ADH release, which should be associated with a rise in urine osmolality. 

The test is continued until one of two points is reached: the urine osmo- 
lality reaches a level that represents clearly adequate concentrating abil- 
ity (above 500 to 600 mOsm/kg), or the plasma osmolality exceeds 295 to 
300 mOsm/kg, the level at which there is sufficient circulating ADH in normal 
subjects to induce a maximal increase in the urine osmolality. At this point, 
exogenous ADH is given and the urine osmolality and urine volume are moni- 
tored for 2 hours (Fig. 3.8). Only patients in whom ADH release is impaired 
(i.e., with CDI) should respond with a further elevation in urine osmolality. 

A maximum urine osmolality of 500 to 600 mOsm/kg is considered rela- 
tively normal in this setting, even though it is only one-half of that achievable in 
normal subjects. Both primary polydipsia and CDI are associated with a usu- 
ally modest impairment in maximum concentrating ability, even though renal 
function and the tubular response to ADH are intact. This mild form of “neph- 
rogenic” diabetes insipidus is induced by the chronic diuresis, which partially 
washes out the medullary interstitial gradient (see Chapter 1). Remember that 
the increase in collecting duct water permeability induced by ADH allows the 
fluid in the tubular lumen to equilibrate osmotically with the hypertonic med- 
ullary interstitium. A reduction in interstitial osmolality will therefore lead to 
a reduction in maximum urine osmolality that can be attained. 


Primary Polydipsia 

Patients with primary polydipsia have a relatively intact ADH-renal axis; as 
a result, raising the plasma osmolality will lead to a normal increase in ADH 
release and urine osmolality. Thus, the urine osmolality should rise to at least 
500 mOsm/kg and there will be no response to exogenous ADH if given after 
the plasma osmolality exceeds 295 to 300 mOsm/kg. 


Central Diabetes Insipidus 

Patients with CDI, in comparison, will have a submaximal increase in urine 
osmolality as the plasma osmolality rises. However, the administration of ADH 
will, in moderate-to-severe cases, raise the urine osmolality and lower the urine 
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FIGURE 3.8. Effect of the induction of hyperosmolality, either by water restric- 
tion or the administration of hypertonic saline, and exogenous ADH (vasopressin 
or DDAVP) on (A) the urine osmolality and (B) the urine volume in normal subjects 
and patients with polyuria. Normal subjects show a maximum rise in urine osmolality 
as the plasma osmolality exceeds 295 mOsm/kg and do not respond to adminis- 
tered ADH (endogenous ADH is already stimulated). Patients with primary polydipsia 
behave in a similar manner to normal patients, except that the maximum urine osmo- 
lality is somewhat lower due to partial washout of the medullary gradient. Complete 
or severe CDI and NDI show little increase in urine osmolality or fall in urine volume 
as the plasma osmolality rises—only patients with CDI respond to ADH. 


o 
Q 
= 
ig 
© 
co 
= 
o 
£ 
Š 
bam 
lo) 
2 
v 
D 
ie 
fe) 
2 
(=) 
m 
x 
tu 
= 
Qa 
< 
T 
U 


92 Renal Pathophysiology: The Essentials 


volume by more than 50%. (Patients with milder forms of partial CDI may be more 
difficult to diagnose, but this problem is beyond the scope of this discussion.) 


Nephrogenic Diabetes Insipidus 
Patients with NDI are similar to those with CDI and fail to significantly 
decrease urine volume or increase urine osmolality as plasma osmolality 
increases. NDI patients, however, are resistant to ADH with the urine osmo- 
lality generally increasing by <10%. 


Treatment 


Treatment varies with the cause of the polyuria. There is generally no ther- 
apy for primary polydipsia unless a drug is responsible. For example, the 
phenothiazines frequently cause the sensation of a dry mouth, potentially 
leading to a marked increase in fluid intake. In comparison, the polyuria can 
usually be corrected in CDI by the administration of the ADH analog DDAVP 
by nasal insufflation. Other drugs have also been incidentally discovered to 
be beneficial in CDI, either by increasing ADH release or, more likely, the 
renal response to ADH. Not surprisingly, these drugs are often associated 
with SIADH. The two most widely studied drugs are chlorpropamide (an oral 
hypoglycemic agent) and carbamazepine (used in the treatment of seizures). 


What is the potential risk of giving ADH to lower the urine 
output in a patient who actually has primary polydipsia, rather 
than CDI? 


ADH or drugs that depend upon ADH are typically ineffective in NDI. The 
major drug that has been useful in this setting is a thiazide diuretic. Although 
it seems paradoxical to give a diuretic to treat polyuria, the thiazides act 
by inducing mild volume depletion. The ensuing activation of the renin- 
angiotensin—aldosterone and sympathetic nervous systems will increase 
proximal sodium and water reabsorption, limiting water delivery to the ADH- 
sensitive site in the collecting ducts. A 1 to 1.5 kg weight loss can lower the urine 
output by as much as two-thirds in a patient with NDI. This regimen is also 
effective as adjunctive therapy in CDI. Another potential treatment option for 
both central and NDI is the use of nonsteroidal anti-inflammatory drugs. These 
drugs inhibit renal prostaglandin synthesis, and this has the effect of increasing 
concentrating ability, since prostaglandins normally antagonize the action of 
ADH. The net effect in patients with DI may be a 25% to 50% reduction in urine 
volume, a response that is partially additive to that of a thiazide diuretic. 


Would a loop diuretic be likely to be as effective as a thiazide 
diuretic in these disorders? 
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SUMMARY 


This chapter emphasizes that disturbances in sodium concentration in the blood 
most often reflect disorders of water balance. Since sodium and potassium are 
the major extra-cellular cations, the plasma osmolality is approximately equal to 
two times (to account for accompanying anions) the sum of sodium plus potas- 
sium in the extracellular fluid divided by TBW. ADH regulates water reabsorp- 
tion in the collecting duct and is secreted from the pituitary in response to small 
increases in plasma osmolality (and is independent of volume (sodium) regu- 
latory hormones (renin-angiotensin-aldosterone)). However, with significant 
volume depletion, ADH will be secreted at the expense of plasma osmolality. 
Thus, the development of hyponatremia has two essential features; (1) a 
stimulus for ADH release and (2) free water intake. The release of ADH may 
be “appropriate” as seen with volume depletion (or decreased effective circu- 
lating volume) or “inappropriate” due to other stimuli (from medications) or 
ectopic production (from some cancers). Both circulating ADH and intake of 
hypotonic fluids are required for the development of hyponatremia. The devel- 
opment of hypernatremia most often results from hypotonic fluid losses (Gl, 
renal or insensible) with inadequate oral intake. The treatment of both hypo- 
and hypernatremia requires careful monitoring and consideration of the rate of 
correction in order to avoid central nervous system damage from changing the 
extracellular osmolality too rapidly. Polyuria is defined as >3 L of urine output 
per day and can occur through excretion of a dilute urine (water diuresis) as 
seen with diabetes insipidus, a condition that results from lack of ADH (central) 
or resistance to its action at the collecting duct (nephrogenic). Polyuria may 
also occur due to excretion of an increased osmotic load (osmotic diuresis) as 
seen with hyperglycemia or the administration of mannitol. 
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The patient pre d at the beginning of this chapter has hyponatremia. The 
eerie poets includes disorders of ADH and water regulation, and 
volume depletion. In this case, the hyponatremia may be due to two causes: 
SIADH and vomiting-induced hypovolemia. The presence of an oat cell carci- 
noma makes SIADH likely. However, the decreased skin turgor, orthostatic hypo- 
tension, and low urine sodium concentration are indicative of volume depletion, 
which is also a stimulus to ADH release. The diagnosis can be unmasked by the 
administration of salt, as with hypertonic saline to raise the plasma sodium con- 
centration slowly to a safe level. Reversal of the hypovolemia will cause rapid cor- 
rection of the hyponatremia if only vomiting were responsible, since the stimulus 
to ADH secretion and water retention will be removed. If, however, there is also 
underlying SIADH, then volume repletion will lead to a rise in the urine sodium 
concentration above 40 mEq/L but hypersecretion of ADH will persist resulting 
in inappropriately elevated urine osmolality and some degree of hyponatremia. 
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ANSWERS T ESTION 


EH From Eq. 4, the plasma sodium concentration is determined only by sodium, 

potassium, and water. Since the sodium plus potassium concentration in 
the diarrheal fluid is less than that in the plasma (85 vs. 111 mEq/L), the plasma 
sodium concentration will tend to rise since water is being lost in excess of an 
effective solute. Although the diarrheal fluid has the same total osmolality as the 
plasma, it contains urea and other organic solutes as well as sodium and potas- 
sium. However, the loss of these organic solutes has no effect on the plasma 
sodium concentration since they do not affect water movement across the cell 
membranes. 

Urea, for example, can freely diffuse across cell membranes and is considered 
to be an ineffective osmole. The loss of urea will lower the plasma urea concen- 
tration (measured as the blood urea nitrogen or BUN). This will lead to urea dif- 
fusion out of the cells until the concentration is equal in the two compartments; 
there will, however, be no osmotic water movement and therefore no change in 
the plasma sodium concentration. 


2 Volume expansion induced by water retention will decrease renin release 

and increase that of atrial natriuretic peptide. These changes will lead to 
enhanced sodium and water excretion that will tend to return the extracellular 
fluid volume toward normal. The net effect in terms of the hyponatremia is that 
the fall in plasma sodium concentration in SIADH is due both to an increase in 
TBW and to a decrease in total body sodium stores. However, sodium excretion 
will equal intake after the initial volume expansion, and the hyponatremia will 
persist from persistent ADH secretion. 


3| The first step in countercurrent multiplication that creates the interstitial 

osmotic gradient is NaCl reabsorption in the thick ascending limb of the 
loop of Henle (see Chapter 1). Blocking this step with a loop diuretic will markedly 
diminish the interstitial gradient. Thus, even though the loop diuretic may lead to 
enhanced ADH release and increased collecting duct water permeability, there 
will be less net water reabsorption since the osmotic gradient that promotes water 
reabsorption at this site has been markedly diminished. A thiazide diuretic, in 
comparison, acts in the distal tubule, which is in the renal cortex and therefore 
does not interfere with generation of the countercurrent gradient. 


4 | It is tempting to assume that the plasma sodium concentration will rise, 

since the sodium concentration in the administered fluid is higher than that 
in the plasma. However, all of this sodium will be excreted as would occur in 
normal subjects. The excretion of the 308 mOsm in each liter will occur in only 
500 mL of water because of the fixed urine osmolality (308 mOsm in 500 mL 
equals an osmolality of 616 mOsm/kg). Thus, approximately 500 mL of the water 
will be retained, leading to a further fall in the plasma sodium concentration. 


5| Measurement of the urine sodium concentration and the urine osmolality 

can easily distinguish between these possibilities. If hypovolemia alone 
were present and the patient were still volume depleted, then the urine sodium 
concentration will remain below 15 mEq/L and the urine osmolality will remain 
elevated due to persistent secretion of ADH. If the patient is now normovolemic 
but also has underlying SIADH, then the urine sodium concentration will rise to 
above 20 mEq/L but the urine osmolality will still be inappropriately high. 
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If hypovolemia alone were present and the patient is volume depleted, then 
sodium excretion will rise and there will no longer be any hypovolemic stimulus 
to ADH. As a result, the persistent hyponatremia will suppress ADH release and 
the urine osmolality will fall to <100 mOsm/kg. Rapid excretion of the excess 
water in this setting will quickly correct the hyponatremia. 


6 | Although the administered sodium will be limited to the extracellular space, 

as seen in Eq. 4, plasma sodium concentration depends upon exchangeable 
sodium and potassium (the major intracellular cation). Therefore, the effect of 
sodium administration will be distributed through the TBW. The ensuing rise in 
the plasma sodium concentration will cause osmotic water movement out of the 
cells, since the cell membranes are freely permeable to water. 


A plasma sodium concentration >150 mEq/L is virtually never seen in an 

alert patient who has access to water. Thus, the patient must have a hypo- 
thalamic lesion affecting the thirst center, resulting in diminished sensation of 
thirst (hypodipsia). 


EI Collecting duct water reabsorption is limited by the amount of water deliv- 

ered to this segment. Hypovolemia may lower the glomerular filtration rate 
and increase proximal sodium and water reabsorption (mediated in part by angio- 
tensin Il and norepinephrine). The ensuing decline in water delivery to the collecting 
ducts will lower the urine output even though water permeability in this segment 
remains abnormally low. 


9 | Three factors contributed to the development of hypernatremia in this 

patient: impaired mental status, which limited the expression of thirst; 
increased insensible losses from the skin due to fever; and the loss of diarrheal 
fluid, which usually has a sodium plus potassium concentration below that of the 
plasma. 

From Eq. 8, the estimated water deficit is [0.5 x 60 x (168/140) — 1], which 
is equal to 6 L. To correct at the rate of 12 mEq/L/day or 0.5 mEq/L/hour, the 6 L 
should be given over 56 hours; approximately 100 mL/hour. This is an underes- 
timate of the amount of fluid required to correct the plasma sodium concentra- 
tion since there will be ongoing dilute losses from the skin and respiratory tract 
averaging about 50 mL/hour. Thus, the total rate of free water administration 
should be 150 mL/hour to correct the water deficit. (If this patient had diabetes 
insipidus, then dilute urinary losses would also have to be replaced.) 

Adding 40 mEq/L to each liter of free water is roughly equivalent to one- 
quarter isotonic saline, since potassium is as osmotically active as sodium. 
Therefore, each liter is only three-quarters free water and the rate of fluid admin- 
istration must be multiplied by 4/3, which results in a rate of 200 mL/hour. 


i) The plasma sodium concentration tends to be in the high-normal range in 
diabetes insipidus (142 to 145 mEq/L) due to the tendency toward water loss 
and in the low normal range (136 to 139 mEq/L) in primary polydipsia due to the 
continuing excess water intake. Thus, a finding at either extreme is helpful diagnos- 
tically, whereas a plasma sodium concentration of 140 mEq/L is of little help. 


411 Patients with primary polydipsia usually maintain a relatively normal plasma 
sodium concentration because they are able to excrete the excess water by 
suppressing the release of ADH. The administration of ADH to such a patient 
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would rapidly lead to water retention and acute and possibly symptomatic hypo- 
natremia. Thus, establishing the correct diagnosis is vital in this setting. 


12| As described in the answer to Question 3, loop diuretics block the first step 
in the countercurrent mechanism (the reabsorption of sodium chloride 
without water in the thick ascending limb), thereby diminishing responsiveness to 
ADH. Thus, a loop diuretic should be less effective in lowering the urine output in 
diabetes insipidus, particularly when given as an adjunct to DDAVP in CDI. 
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A 34-year-old woman noted the relatively sudden onset of weight gain, 
puffiness of the face, and swelling of her legs. She had been previously well 
and has no history of a systemic disease that might predispose her to edema 
formation. 

Physical examination reveals a healthy-appearing young woman whose 
face appears slightly swollen. Her weight is 132 Ib, 15 Ib above her baseline level. 
Her blood pressure is 120/75; the estimated jugular venous pressure is 6 cm H,O, 
and there is 4+ pitting edema two-thirds of the way up the calf. Examination of 
the heart, lungs, and abdomen are normal; there is no evidence of either ascites 
or pulmonary congestion. 

Pertinent laboratory data show a normal BUN and plasma creatinine con- 
centration, 4+ protein on dipstick of the urine, an otherwise normal urinalysis 
without cells or cellular casts, 24-hour protein excretion of 4.3 g/day (normal 
<150 mg/day). The plasma albumin concentration is 2.1 mg/dL (normal = 3.5 
to 4.5 mg/dL). 
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OBJECTIVES 


H By the end of this section, you should have an understanding of each 
FA of the following issues: 


= & The role of Starling's forces in governing the movement of water 
3 between the plasma water and the interstitial space. 

~ P The central importance of renal sodium retention in the development 

h of clinically detectable edema. 

m The different factors that promote edema formation in the major 
generalized edematous states: congestive heart failure, the nephrotic 
syndrome, and hepatic cirrhosis with ascites (which refers to the 
accumulation of fluid within the peritoneal space). 

m The mechanisms by which the three major classes of diuretics (loop 
diuretics, thiazide-type diuretics, and potassium-sparing diuretics) 
inhibit sodium reabsorption in the different nephron segments. 

m The hemodynamic consequences of fluid removal during the 
treatment of edema. 


Pathophysiology of Edema Formation 


Edema is defined as a palpable swelling produced by expansion of the inter- 
stitial fluid volume. Two basic steps are involved in edema formation: 


a An alteration in capillary hemodynamics that favors the movement of fluid 
from the vascular space into the interstitium. 

= The renal retention of dietary sodium and water, thereby expanding the 
extracellular fluid volume. 


The central role of the kidneys in the development of edema can be 
appreciated from the following observations. Edema does not become clini- 
cally apparent until the interstitial volume has increased by at least 2.5 to 
3 L. Since the normal plasma volume is only about 3 L (see Fig. 2.5), patients 
would develop life-threatening hemoconcentration and shock if the edema 
fluid were derived only from the plasma. 

These complications do not occur because compensatory sodium and 
water retention by the kidney maintain the plasma volume. Let us assume, 
for example, that there is increased movement of fluid from the vascular 
space into the interstitium because of a rise in capillary hydraulic pres- 
sure (the importance of which will be discussed later). The ensuing plasma 
volume depletion reduces tissue perfusion, leading to the activation of the 
renin—angiotensin—aldosterone and sympathetic nervous systems. These 
and other sodium-retaining forces (such as a reduction in renal perfusion 
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pressure; see Chapter 2) limit further sodium and water excretion. Some of 
the retained fluid stays in the vascular space, returning the plasma volume 
and tissue perfusion toward normal. However, the primary rise in intracapil- 
lary pressure results in most of the retained fluid entering the interstitium 
and eventually becoming apparent as edema. The net effect is a marked 
expansion of the total extracellular volume (as edema) with the maintenance 
of the plasma volume at near-normal levels. 

This example illustrates an important point that applies to patients 
with congestive heart failure and hepatic cirrhosis: Renal sodium and water 
retention is an appropriate compensation in that it restores tissue perfu- 
sion, even though it also augments the degree of edema. On the other hand, 
removing the edema fluid with a diuretic will improve symptoms but may 
diminish tissue perfusion, occasionally to clinically significant levels. 

The hemodynamic effects are somewhat different when the primary 
abnormality is inappropriate renal fluid retention. This problem most often 
occurs in patients with primary renal disease and is often associated with 
elevated blood pressure. In this setting, both the plasma and interstitial vol- 
umes are expanded and there are no deleterious hemodynamic effects from 
removal of the excess fluid. This is an example of overfilling of the vascular 
tree in contrast to the underfilling that occurs if there is a primary movement 
of fluid out of the vascular space. 


Capillary Hemodynamics 
Starling’s Law 


The exchange of fluid between the plasma and the interstitium is determined 
by the hydraulic and oncotic pressures in each compartment. See Figure 2.2 
for a summary of the major components in each compartment. The rela- 
tionship between the hydraulic and oncotic pressures can be expressed by 
Starling’s law (Eq. 1), 


Net filtration = LpS(A hydraulic pressure — A oncotic pressure) 
=LpS|(P__ -— P,) — oT = a) (Eq. 1) 


cap 
where Lp is the unit permeability or porosity of the capillary wall, S is the 
surface area available for filtration, P, and P, are the capillary and inter- 
stitial fluid hydraulic pressures, [I „„ and II, are the capillary and intersti- 
tial fluid oncotic pressures (which are primarily determined by albumin), 
and o represents the reflection coefficient of proteins across the capillary 
wall (with values ranging from 0 if completely permeable to 1 if completely 
impermeable). In addition to these forces, the degree of fluid accumulation 
in the interstitium is also determined by the rate of fluid removal by the lym- 
phatic vessels. 
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Sodium salts have a much higher concentration than albumin 
in the capillary [280 mmol (which includes the anions 
accompanying sodium) vs. 1 mmol for albumin]. Why are 

1 | sodium salts not considered in the calculation of the plasma 
oncotic pressure? 


Capillary Hydraulic Pressure 
Although generated by cardiac contraction, the capillary hydraulic pres- 
sure is relatively insensitive to alterations in arterial pressure. The stability 
of the capillary pressure is due to variations in resistance at the precapil- 
lary sphincter, which determine the extent to which the arterial pressure is 
transmitted to the capillary (Fig. 4.1). If the arterial pressure is increased, for 
example, the precapillary sphincter constricts, preventing any significant 
change in capillary hemodynamics. This response, which is called autoregu- 
lation, is under local control, being mediated both by stretch receptors in 
the vascular wall and by local metabolic factors. The efficiency of autoregu- 
lation explains why patients with systemic hypertension do not routinely 
develop edema. 

In contrast, the resistance at the venous end of the capillary is not well reg- 
ulated. Consequently, an increase in venous pressure produces a similar change 
in capillary hydraulic pressure, thereby predisposing to edema formation. 


Precapillary 
sphincter 


Arteriole 


Pis 


Interstitial space 


Lymphatic flow 


FIGURE 4.1. Schematic representation of the effect of the hydraulic pres- 
sure (P) and the oncotic pressure (71) in the capillary (cap) and the interstitium 
(is) on fluid movement between the vascular space and the interstitium. The 
arrows point in the direction in which that parameter will cause fluid to move. The 
resistance at the precapillary sphincter is an important regulator of the capillary 
hydraulic pressure, allowing it to remain relatively constant despite changes in the 
arterial perfusion pressure. 
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This observation explains the universal finding of edema formation that occurs 
distal to the site of venous obstruction with the formation of a venous blot clot. 


Interstitial Oncotic Pressure 

The major effective interstitial solutes are mucopolysaccharides and, more 
importantly, filtered proteins, particularly albumin. The degree of accumu- 
lation of filtered proteins is determined by two factors: the permeability of 
the capillary wall and the rate of removal by the lymphatics. If, for example, 
there were no lymphatic removal, then the interstitial protein concentration 
would eventually equal that in the plasma even though the capillary wall 
might have a very low permeability to proteins. 

The net effect is that the interstitial oncotic pressure is in part depen- 
dent upon the plasma protein concentration. This relationship has important 
implications for the possible role of hypoalbuminemia in the development of 
edema. A reduction in the plasma albumin concentration and therefore in the 
plasma oncotic pressure will favor fluid movement from the vascular space 
into the interstitium. Over time, however, less albumin will be filtered and 
the interstitial oncotic pressure (JJ) will fall. As a result, the transcapillary 
oncotic pressure gradient ap — II,,) may be unchanged and the oncotic pres- 
sure gradient favoring edema formation will not occur. 


Normal Values in Different Organs 
The normal values for Starling’s forces in experimental animals and humans 
are uncertain, largely because of difficulties in the measurement of these 
parameters (with the exception of the plasma oncotic pressure, which can 
be determined from a blood sample). Despite these difficulties, important 
differences in the magnitude of Starling’s forces have been identified in dif- 
ferent organs, such as skeletal muscle and subcutaneous tissue (the sites 
of peripheral edema) and the liver (the site of ascites formation in hepatic 
disease). In skeletal muscle capillaries, the most important forces are the 
mean capillary hydraulic pressure (17 mmHg), which pushes fluid out of 
the capillary, and the plasma oncotic pressure (26 mmHg), which pulls fluid 
into the vascular space. The effect of the plasma oncotic pressure is partially 
counteracted by the interstitial oncotic pressure, which is thought to aver- 
age from 10 to 15 mmHg. When the effects of the interstitial hydraulic pres- 
sure are accounted for, the net effect is a small mean gradient of about 0.3 to 
0.5 mmHg favoring filtration out of the vascular space; this fluid is returned 
to the systemic circulation by the lymph vessels. 

In comparison, the hepatic sinusoids have very different characteristics. 
The sinusoids are highly permeable to proteins; as a result, the capillary and 
interstitial oncotic pressures are roughly equal and there is essentially no 
transcapillary oncotic pressure gradient. Thus, the hydraulic pressure gra- 
dient favoring filtration is virtually unopposed. To some degree, filtration is 
minimized by a lower capillary hydraulic pressure than in skeletal muscle, 
since approximately two-thirds of hepatic blood flow is derived from the 
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portal vein, a low-pressure system. Nevertheless, there is still a larger gradi- 
ent favoring filtration; however, edema does not normally occur, because the 


filtered fluid is again removed by the lymphatics. 


Edema Formation 


The development of edema requires a relatively large alteration in one or 
more of Starling’s forces in a direction that favors an increase in net filtra- 
tion. This is most often due to an elevation in capillary hydraulic pressure; 
less frequently, edema results from enhanced capillary permeability, reduced 


plasma oncotic pressure, or lymphatic obstruction (Table 4.1). 


TABLE 4.1 


Major Causes of Edematous States 


Increased capillary hydraulic pressure 
A. Increased plasma volume due to renal sodium retention 
1. Congestive heart failure 
2. Primary renal sodium retention: 
— Renal disease including nephrotic syndrome 
— Drugs including nonsteroidal anti-inflammatory drugs, estrogens 
— Early hepatic cirrhosis 
— Pregnancy and premenstrual edema 
— Idiopathic edema, when diuretic induced 
B. Venous obstruction 
1. Ascites in hepatic cirrhosis or hepatic venous obstruction 
2. Acute pulmonary edema 
3. Local venous obstruction, as with deep vein thrombosis 


. Decreased plasma oncotic pressure (primarily when the plasma albumin 


concentration is below 1.5-2.0 g/dL) 
A. Protein loss from nephrotic syndrome or gastrointestinal 
B. Reduced albumin synthesis from hepatic disease or malnutrition 


Increased capillary permeability 

A. Allergic reactions 

B. Sepsis or inflammation 

C. Burns or trauma 

D. Interleukin-2 therapy 

E. Adult respiratory distress syndrome 


Lymphatic obstruction or increased interstitial oncotic pressure 

A. Nodal enlargement due to malignancy 

B. Postmastectomy 

C. Malignant ascites 

D. Hypothyroidism (perhaps due to binding of filtered proteins by 
excess interstitial mucopolysaccharide accumulation) 
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For the reasons described above, increased capillary hydraulic pres- 
sure is usually induced by a rise in venous pressure. A persistent eleva- 
tion in venous pressure leading to edema can occur by one or both of two 
basic mechanisms: (1) when the blood volume is expanded, augmenting 
the volume in the venous system and (2) when there is venous obstruc- 
tion. Examples of edema due to volume expansion include congestive heart 
failure and renal disease. Examples of edema due at least in part to venous 
obstruction include ascites formation in hepatic cirrhosis and acute pulmo- 
nary edema following a sudden impairment in cardiac function (as with a 
myocardial infarction). 

The following discussion will be limited to the three most common 
forms of generalized edema: congestive heart failure, hepatic cirrhosis, and 
renal disease—including the nephrotic syndrome. The latter refers to glo- 
merular diseases associated with increased glomerular permeability leading 
to heavy proteinuria, hypoalbuminemia (due in part to albumin loss in the 
urine), and edema. 


Experimental and clinical studies have shown that edema occurs 

only when there is a relatively large increase of more than 

10 mmHg in the gradient favoring filtration. What safety factors 
2| prevent persistent interstitial fluid accumulation as edema when 

there is a lesser change in Starling's forces? 


Renal Sodium Retention 


The second step in edema formation is expansion of the extracellular fluid 
volume by renal sodium retention. This process results from one of two 
basic mechanisms: (1) primary renal sodium retention or (2) an appropriate 
response to a decrease in the effective circulating volume. 


Primary Renal Sodium Retention 


A primary defect in renal sodium excretion can occur with advanced renal 
failure or with glomerular diseases such as acute glomerulonephritis or the 
nephrotic syndrome. Figure 4.2 shows an example of the role of the kidney in 
an animal model of unilateral nephrotic syndrome induced by injection of a 
toxin to the glomerular epithelial cells in one renal artery. Only the diseased 
kidney retained sodium, indicating the intrarenal rather than systemic neu- 
rohumoral factors must be of primary importance. Micropuncture studies, 
in which the fluid at different nephron segments were analyzed, showed that 
delivery of filtered sodium to the end of the distal tubule was the same in 
both the kidneys. Thus, the decrease in sodium excretion probably resulted 
from increased sodium reabsorption in the collecting ducts. How this might 
occur is not known. 
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FIGURE 4.2. Sodium excretion is reduced in nephrotic kidneys by approxi- 
mately two-thirds (top). Micropuncture studies (in which samples are taken via 
micropipettes from different nephron segments) of sodium handling in unilateral 
nephrotic syndrome in the rat. Although less sodium is filtered in the nephrotic 
kidney (due to reduced GFR), less is reabsorbed so that the quantity of sodium 
remaining in the tubular lumen at the end of the distal tubule is the same in the 
two kidneys (bottom). Thus, sodium reabsorption must be increased in the col- 
lecting ducts (micropuncture can not be performed on this segment) to account 
for the two-thirds reduction in total sodium excretion in the nephrotic kidney 
when compared with the normal kidney. 


Compensatory Response to Effective Circulating 
Volume Depletion 


Sodium and water retention leading to edema more commonly represents an 
appropriate compensatory response to effective circulating volume depletion, 
with the urine sodium concentration often being <15 mEq/L. As reviewed in 
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Chapter 2 (see Fig. 2.5), the effective circulating volume is an unmeasurable 
entity that refers to the arterial volume (normally about 700 mL in a 70-kg 
man) that is effectively perfusing the tissues. 

Congestive heart failure is a common clinical example of a reduction 
in the effective circulating volume depletion leading to edema. Myocardial 
dysfunction initially lowers the cardiac output, resulting in increased release 
of the three hypovolemic hormones: renin (which leads to the production of 
angiotensin II and aldosterone), norepinephrine, and antidiuretic hormone. 
These hormones have the following effects that limit sodium and water 
excretion and promote edema formation: 


= A reduction in GFR due to renal vasoconstriction. 

= Enhanced proximal sodium reabsorption mediated by angiotensin II and 
norepinephrine. 

= Increased collecting tubular sodium and water reabsorption due to aldo- 
sterone and ADH, respectively. 


Compensated State 

If the cardiac disease is not severe, then fluid retention can restore relatively 
normal systemic hemodynamics (at least at rest). The increase in plasma vol- 
ume will enhance venous return to the heart, thereby raising the intracardiac 
filling pressures and (via the Frank-Starling relationship described below) 
increasing the cardiac output toward normal. In this new compensated state, 
the systemic blood pressure, plasma renin activity and aldosterone con- 
centration, and urinary sodium excretion may return to baseline levels, at 
the price of persistent plasma volume expansion, hypertension, and edema 
(Fig. 4.3). 


Renal Disease and Nephrotic Syndrome 


Edema in most forms of renal disease is due to volume expansion induced by 
an inability to excrete dietary sodium. There are two settings in which this is 
most likely to occur: (1) with advanced renal failure where the marked reduc- 
tion in GFR is limiting and (2) with glomerular diseases such as acute glo- 
merulonephritis or the nephrotic syndrome (see Chapter 9). As depicted in 
Figure 4.2, the GFR may be reduced in glomerular diseases (reduced filtered 
sodium in filtrate) but the sodium retention is primarily due to increased 
tubular reabsorption, primarily in the collecting ducts. 

It is not clear why edema is relatively unusual in tubulointerstitial and 
vascular diseases. The most likely explanation is that the primary process 
(with tubulointerstitial disorders) and ischemic injury (with vascular dis- 
ease) impair tubular sodium reabsorption. 

It is important to appreciate that urinary sodium excretion is determined 
by the difference between the filtered load (GFR x plasma sodium concentra- 
tion) and tubular reabsorption. Thus, a mild-to-moderate reduction in GFR 
alone is usually not sufficient to interfere with sodium homeostasis, since it 
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can be counterbalanced by a reduction in tubular sodium reabsorption. The 
factor in glomerular disease that is responsible for the increase in collecting 
duct sodium reabsorption has not been identified. Both decreased responsive- 
ness to atrial natriuretic peptide and increased activity of the Na*-K*-ATPase 
pump that drives active sodium transport have been observed. 


Compare the changes in plasma renin activity and plasma atrial 

natriuretic peptide levels that will be seen in edema due to a 

low cardiac output in congestive heart failure and to primary 
Ei sodium retention in acute glomerulonephritis. 


Nephrotic Syndrome 


The nephrotic syndrome refers to those disorders in which there is increased 
glomerular permeability to macromolecules, leading to a constellation of 
findings, including heavy proteinuria (protein excretion generally above 
3.5 g/day vs. a normal level of <150 mg), hypoalbuminemia, and edema. It 
had been thought that the mechanism of edema formation in this setting 
was different from that in other renal diseases, being due to hypoalbumin- 
emia-induced underfilling of the vascular space rather than overfilling from 
primary renal sodium retention. 

It is important to emphasize, however, that the distribution of fluid 
between the vascular space and the interstitium is dependent on the trans- 
capillary oncotic pressure gradient ap - ĮI), and not on the plasma oncotic 
pressure alone. Figure 4.4 illustrates the relationship between the plasma 
and interstitial oncotic pressures in patients with minimal change disease, 
a common cause of the nephrotic syndrome that can usually be cured with 
corticosteroid therapy. Thus, patients could be studied both during active 
disease and after remission has been induced. As can be seen, the fall in the 
plasma albumin concentration with active disease was associated with a par- 
allel decline in the interstitial albumin concentration due to less entry of albu- 
min into the interstitium. As a result, the transcapillary oncotic gradient is 
near normal and therefore should not be responsible for the development of 
edema. Studies in animals suggest that the renal disease itself leads to sodium 
retention via increased collecting duct sodium reabsorption (Fig. 4.2). 


— 


FIGURE 4.3. Sequential changes in mean aortic pressure, plasma renin activity, 
plasma aldosterone concentration, urinary sodium excretion, and plasma volume 
in dogs with chronic thoracic inferior vena cava (TIVC) constriction, a model of 
congestive heart failure. The initial reduction in venous return to the heart leads 
to a reduction in cardiac output, hypotension, activation of the renin—angiotensin— 
aldosterone system, and a fall in sodium excretion. The ensuing fluid retention 
raises venous return to the heart, thereby allowing systemic hemodynamics and 
hormone activation to be normalized. 
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FIGURE 4.4. Relationship between plasma and interstitial oncotic pressures in 
patients with the nephrotic syndrome due to minimal change disease. The patients 
were studied during active disease (when they had a low plasma albumin concen- 
tration; open circles) and when they were in remission (dark circles). The oncotic 
pressure in the interstitium changed in parallel with that in the plasma, resulting in 
little or no change in the transcapillary oncotic pressure gradient. As a result, hypo- 
albuminemia alone should not have been responsible for edema in these patients. 


Thus, edema in the nephrotic syndrome is more likely to result from 
overfilling of the vascular space unless the plasma albumin concentration 
falls below 1.5 to 2 g/dL (normal is from 4 to 5 g/dL). There are several clini- 
cal observations that are compatible with this hypothesis. Perhaps, the most 
compelling is the finding in minimal change disease that correction of the 
glomerular permeability defect with corticosteroids leads to a substantial 
rise in sodium excretion (with partial resolution of the edema) before any sig- 
nificant elevation in the plasma albumin concentration. It is therefore likely 
that the renal disease, rather than hypoalbuminemia, was responsible for the 
initial sodium retention. 


Congestive Heart Failure 


Congestive heart failure can be produced by a variety of disorders, including 
coronary artery disease, hypertension, valvular disease, and cardiomyopa- 
thies. The edema in this setting is due to an elevation in venous pressure that 
produces a parallel rise in capillary hydraulic pressure. However, two differ- 
ent mechanisms may be involved: 


= In acute pulmonary edema due to a myocardial infarction or ischemia, 
the sudden decrease in left ventricular function results in an elevation in 
the left ventricular end-diastolic pressure (LVEDP). This pressure is then 
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transmitted back through the left atrium and pulmonary veins to the pul- 
monary capillaries. Thus, pulmonary edema in this setting is due to a form 
of venous obstruction. 

m In chronic heart failure, the sodium retention is, as described above and 
illustrated in Figure 4.3, due to activation of sodium-retaining neurohu- 
moral systems by the reduction in cardiac output. 


The sequential hemodynamic effects in chronic heart failure can be 
appreciated from the Frank-Starling relationship in Figure 4.5. The upper 
curve represents the normal relationship between stroke volume and the 
LVEDP; note that increasing LVEDP increases the stroke volume (and, if heart 
rate is unchanged, the cardiac output). This effect is thought to be mediated 
by a stretch-induced enhancement of cardiac contractility. 

The development of mild cardiac dysfunction (middle curve) will tend 
to lower both stroke volume and cardiac output (line AB). The ensuing renal 
sodium and water retention can reverse these abnormalities, since the incre- 
ments in plasma volume and LVEDP will augment cardiac contractility (dine 
BC). At this point, the patient is in a new steady state of compensated heart 
failure in which further sodium retention does not occur similar to that 
depicted in Figure 4.3. However, the restoration of tissue perfusion in this set- 
ting has occurred only after there has been an elevation in the LVEDP, per- 
haps to a level sufficient to produce pulmonary edema. 
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FIGURE 4.5. Frank-Starling curves relating stroke volume (SV) to left ventric- 
ular end-diastolic pressure (LVEDP) with normal cardiac function and with mild 
and severe heart failure. Decreased stroke volume leads to decreased cardiac out- 
put (at constant heart rate), activation of sodium-retaining hormones leading to 
increased plasma volume. These changes will restore stroke volume (and cardiac 
output) at the expense of elevated LVEDP. 
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The findings are different with severe heart failure (Jower curve, Fig. 4.5). 
In this disorder, the myocardial dysfunction is so severe that increasing the 
LVEDP cannot normalize the stroke volume. As a result, the cardiac output 
will also be low and there will a continuing tendency to sodium retention. 


Diuretics are usually given to remove some of the edema fluid 
in patients with congestive heart failure. The relief of pulmonary 
congestion is associated with fewer symptoms of shortness of 
| 4 | breath and often with an improved sense of well-being. What 
do you think happens to the cardiac output in this setting? If 
it occurred, how would you detect a clinically significant reduction in the 
cardiac output? 


Hepatic Cirrhosis and Ascites 


There are two major changes induced by hepatic cirrhosis that promote 
sodium retention and the subsequent deposition of most of this excess 
fluid in the peritoneum as ascites: vasodilatation that lowers systemic vas- 
cular resistance and postsinusoidal obstruction induced by hepatic fibro- 
sis. As renal sodium and water retention expand the plasma volume, the 
postsinusoidal obstruction results in a preferential elevation in hepatic 
sinusoidal pressure, thereby causing fluid to move out of the sinusoids 
across the hepatic capsule into the peritoneum. Increased lymphatic flow 
initially returns this fluid to the systemic circulation; with more advanced 
disease, however, this compensation is not sufficient to prevent edema 
formation. 


Hepatic cirrhosis is often associated with hypoalbuminemia due 
to decreased hepatic synthesis. Why doesn’t the fall in plasma 
oncotic pressure contribute to ascites formation? 


Splanchnic Vasodilatation 


The neurohumoral and renal response to hepatic cirrhosis is essentially 
identical to that of congestive heart failure: Decreased effective circulat- 
ing volume leads to activation of the hypovolemic hormones—renin, nor- 
epinephrine, and antidiuretic hormone—resulting in increased sodium and 
water reabsorption in the kidney. 

However, the mechanism of hypoperfusion in hepatic cirrhosis is differ- 
ent from that in congestive heart failure. In the latter disorder, primary myo- 
cardial dysfunction lowers the cardiac output; the subsequent fall in systemic 
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blood pressure (which is equal to the product of the cardiac output and sys- 
temic vascular resistance) then activates the appropriate neurohumoral sys- 
tems. In comparison, the primary hemodynamic changes in hepatic cirrhosis 
are splanchnic vasodilatation and the formation of multiple arteriovenous 
fistulas throughout the body (such as the spider angiomas on the skin). The 
mechanism by which hepatic cirrhosis produces these hemodynamic altera- 
tions is not known. Nevertheless, the ensuing reduction in systemic vascular 
resistance lowers the systemic blood pressure, again leading to activation of 
the sodium-retaining systems. 

In contrast to the low cardiac output in congestive heart failure, the 
cardiac output in hepatic cirrhosis is often elevated (discussed in Chapter 2; 
Table 2.2). However, much of the cardiac output is circulating ineffectively, 
bypassing the capillary circulation through the arteriovenous fistulas. Thus, 
the output reaching the capillary circulation (including the glomerular capil- 
laries) is actually reduced despite the high total output. 

These changes—vasodilatation in the splanchnic circulation and neuro- 
humorally mediated vasoconstriction in the renal and musculoskeletal cir- 
culations—become progressively more severe with more advanced hepatic 
disease. The renal manifestations of these hemodynamic changes include 
reductions in renal blood flow and GFR, and sodium excretion that may 
eventually fall below 10 mEq/day. Patients with advanced hepatic failure may 
also develop renal failure due primarily to intense renal vasoconstriction 
rather than structural renal disease. This disorder is called the hepatorenal 
syndrome and is discussed further in Chapter 11. 

The importance of splanchnic vasodilatation-induced underfilling on 
the impairment in renal function in hepatic cirrhosis can be illustrated by 
the response to an infusion of ornipressin, an analog of antidiuretic hormone. 
Ornipressin is a preferential vasoconstrictor in the splanchnic circulation that, 
in patients with hepatic cirrhosis, leads sequentially to elevations in systemic 
vascular resistance and mean arterial pressure; reductions in the plasma renin 
activity and norepinephrine concentration; and elevations in renal blood flow, 
glomerular filtration rate, and urinary sodium excretion (Fig. 4.6). 


Physical Examination and Site of Edema 
Formation 


The conditions described above can produce edema at three sites: peripheral 
edema in the subcutaneous tissue that, due to gravity, is generally most prom- 
inent in the legs after the patient has been standing; pulmonary edema; and 
ascites. Patients with peripheral edema complain of swollen legs and difficulty 
in walking due to the increased fluid deposition in the legs. Peripheral edema 
can be detected by the presence of pitting (a persistent indentation) after pres- 
sure is applied to the edematous area. The pitting results from movement of the 
excess interstitial water away from the area in which pressure is being applied. 
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FIGURE 4.6. Effect of infusion of ornipressin, an analog of antidiuretic hormone 
that causes preferential splanchnic vasoconstriction, in patients with advanced 
hepatic cirrhosis and functional renal failure (the hepatorenal syndrome). 
Ornipressin raised the glomerular filtration rate (GFR) from 18 to 29 mL/min, low- 
ered the plasma renin activity (PRA) from 28 to 14 (normal equals <3 on a regular 
salt intake), raised the fraction of the cardiac output from 2% to 5% (normal 
equals 20%), and raised urinary sodium excretion from 3 to 9 mEq/day. Thus, 
ornipressin only induced partial correction of these abnormalities; it is not known 
if a greater response would be seen with less severe disease or with a higher dose. 


Peripheral edema can produce symptoms and is cosmetically undesir- 
able. It is not, however, life-threatening as is pulmonary edema in severe 
cases. Patients with pulmonary edema complain of shortness of breath 
that is more prominent on exertion and when lying flat (called orthopnea). 
Orthopnea results when moving from the upright position to the recumbent 
(flat) position. This change of position reduces the hydrostatic pressure on 
the peripheral capillaries in the lower extremities and partially reverses the 
mechanism of edema formation. The movement of fluid from the intersti- 
tium into the plasma, in the setting of impaired cardiac function, further 
increases LVEDP and worsens pulmonary edema. It will also increase urine 
output causing nocturia (urination at night). The physical examination of 
patients with pulmonary edema typically reveals an ill patient who is breath- 
ing more rapidly than usual. The excess alveolar fluid can be detected by the 
finding of wet rales on auscultation of the chest. Patients with heart failure 
also may have gallop rhythms and murmurs on examination of the heart. 

The third major type of edema—ascites—causes an increased abdomi- 
nal girth as the major symptom. Patients may also complain of shortness of 
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breath if the intra-abdominal pressure is sufficiently high to cause upward 
pressure on the diaphragm. Abdominal distension and a visible fluid wave 
on percussion of the abdomen are the primary physical findings in this 
setting. 


Site of Edema Formation 


Each of the major edematous states is associated with increased capillary 
hydraulic pressure. Where this occurs will determine the site of edema for- 
mation. In congestive heart failure and renal disease, there is generalized 
expansion of the vascular volume with a diffuse elevation in intracapillary 
pressures. As a result, peripheral edema, ascites, and pulmonary edema all 
may be seen. 

In other conditions, however, there is a preferential rise in venous pres- 
sure in one circulation, causing localized edema formation. The major exam- 
ples are congestive heart failure with isolated left ventricular dysfunction, 
in which pulmonary edema may be the predominant finding, and hepatic 
cirrhosis, in which postsinusoidal obstruction causes the excess fluid to be 
primarily deposited as ascites. 


A patient who has chronically abused alcohol presents with 
massive ascites. The differential diagnoses include alcohol 
induced cardiomyopathy and alcohol-induced hepatic cirrhosis. 
6 How could you distinguish between these disorders on physical 
examination by estimation of the jugular venous pressure, 
which is roughly equal to that in the right atrium (normal value equals 
1 to 7 cm H,O)? 


Diuretics and Treatment of Edema 


Diuretics are used in a variety of conditions to lower the plasma volume 
by increasing the excretion of sodium and water. The three major classes 
of diuretics—loop diuretics, thiazide-type diuretics, and potassium-spar- 
ing diuretics—act by inhibiting sodium reabsorption in different sites in 
the nephron. Each diuretic reduces sodium movement from the urinary 
space into the tubular cell across the luminal membrane. They act in differ- 
ent nephron segments because each segment has a different sodium entry 
mechanism that is specifically inhibited (Table 4.2)—the transporters and 
channels involved in tubular sodium reabsorption are reviewed in Chapter 1: 


= Loop diuretics (such as furosemide and bumetanide) inhibit sodium 
chloride reabsorption in the thick ascending limb of the loop of Henle by 
competing for the chloride site on the Na*-K‘-2Cl cotransporter in the 
luminal membrane. 
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TABLE 4.2 


Characteristics of Major Classes of Diuretics 


Percent 
Site of Action and Filtered Na 
Transporter Inhibited  Excreted 
Loop Thick ascending limb of 35-40% 
») diuretics loop of Henle; compete 
for chloride site on 
Thiazide luminal Na*-K*-2Cr 
cotransporter 
Thiazide- Distal tubule; 5-8% 


type diuretics compete for chloride 
site on luminal Na-Cl 


cotransporter 
Potassium Collecting tubules; 2-3% 
sparing close luminal sodium 
diuretics channels 


= Thiazide-type diuretics (such as hydrochlorothiazide and chlorthali- 
done) inhibit sodium chloride reabsorption in the distal tubule by com- 
peting for the chloride site on the Na-Cl cotransporter in the luminal 
membrane. 

= Potassium-sparing diuretics (such as amiloride, triamterene, and the 
aldosterone antagonist spironolactone) inhibit sodium reabsorption in 
the collecting ducts by affecting the open probability and/or numbers of 
the epithelial cell apical sodium channel. The normal movement of cat- 
ionic sodium through these channels makes the lumen electronegative, 
thereby creating an electrical gradient that promotes the secretion of 
potassium from the cell into the lumen. Thus, closing the sodium chan- 
nels with these diuretics indirectly inhibits potassium secretion (hence 
the name potassium-sparing). This is important clinically, since distal 
potassium secretion accounts for most of urinary potassium excretion 
(see Chapter 7). 


Diuretic Potency 


The ability of a diuretic to increase urinary sodium excretion is dependent 
upon the interplay of three factors: diuretic dose, the quantity of sodium nor- 
mally reabsorbed at the diuretic-sensitive site, and the ability of the more dis- 
tal segments to reabsorb the excess sodium. 
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Diuretic Dose 

Virtually, all diuretics act within the tubular lumen to impair the sodium 
entry mechanism. Therefore, these drugs are dependent upon glomerular 
filtration for delivery to the appropriate nephron segment. Not surprisingly, 
there is a dose-response curve in which the increment in sodium excre- 
tion is related to the rate of diuretic excretion (i.e., the rate of diuretic pre- 
sentation to its tubular site of action); this curve has three components 
(Fig. 4.7). At low doses, there is an insufficient rate of diuretic excretion to 
significantly impair sodium reabsorption. Once a threshold rate of diuretic 
excretion is reached, there is a direct relationship between increased avail- 
ability of the diuretic and the degree to which sodium reabsorption is inhib- 
ited. Finally, there is also a maximum rate of diuretic excretion at which 
the diuretic-sensitive transporter is completely inhibited. Exceeding this 
dose will produce no further diuresis but may increase the incidence of 
drug-induced side effects. Diuretics can also be administered as a continu- 
ous infusion to provide more sustained inhibition of the diuretic-sensitive 
transporter (Fig. 4.8). 
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FIGURE 4.7. Relationship between the rate of excretion of furosemide (a loop 
diuretic) and the associated increase in the rate of urinary sodium excretion in 
normal subjects and in patients with congestive heart failure (CHF). There is no 
diuresis below a furosemide excretion rate of 10 pg/min. This is followed by a 
dose-dependent increase in sodium excretion with a maximum effect occurring 
when furosemide excretion exceeds 400 pg/min. At the same rate of furose- 
mide excretion, patients with CHF tend to have a lesser diuresis due to increased 
sodium reabsorption in other nephron segments. 
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FIGURE 4.8. Comparison of continuous infusion of loop diuretic with inter- 
mittent bolus on sodium excretion rates. Total dose was the same for both treat- 
ment regimens. Total sodium excretion was 30% higher with the continuous 
infusion, but the natriuretic effect declined over time with both regimens. 


Quantity of Sodium Reabsorbed at the Diuretic-Sensitive Site 

Over 99% of the filtered sodium undergoes tubular reabsorption in normal 
subjects. Approximately 55% to 60% occurs in the proximal tubule, 35% to 
40% in the loop of Henle, 5%-8% in the distal tubule, and 2%-3% in the col- 
lecting ducts (Table 4.2). Thus, a loop diuretic is more potent than a thiazide 
or potassium-sparing diuretic because more sodium is normally reabsorbed 
at that site. 


Increased Reabsorption in Other Nephron Segments 

A variable proportion of the increased sodium delivered out of the diuretic- 
sensitive segment can be reabsorbed in the more distal segments. Let us con- 
sider what happens following the administration ofa loop diuretic. The extra 
sodium leaving the loop first enters the distal tubule. Transport in this seg- 
ment is flow-dependent; thus, increasing sodium delivery to the distal tubule 
results in increased sodium reabsorption, thereby limiting the diuresis. There 
is also some flow dependence in the collecting ducts, further decreasing the 
net rise in sodium excretion. 

These responses increase over time. In the patient with congestive heart 
failure, for example, fluid loss decreases cardiac-filling pressures and even- 
tually lowers the cardiac output (as in going from point C to point B on the 
middle curve in Fig. 4.5). This decline in tissue perfusion leads to increased 
activation of the renin—angiotensin—aldosterone and sympathetic nervous 
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systems, resulting in increased sodium reabsorption in the proximal tubule 
(due to angiotensin II and norepinephrine) and the collecting ducts (due to 
aldosterone). In addition, the chronic increase in sodium delivery to, and 
transport in, the distal tubule induces a hypertrophic response that enhances 
distal reabsorptive capacity. 

The net effect of all of these counterregulatory responses, assuming the 
diuretic dose is constant, is the reestablishment of a steady state in which 
sodium intake and output are equal. (This process is discussed in detail in 
Chapter 2.) Although the pronatriuretic action of the diuretic leads to initial 
sodium loss, this is gradually counteracted by the above antinatriuretic fac- 
tors. In general, all of the sodium loss occurs within the first week of diuretic 
therapy unless the dose is then increased (Fig. 4.9). 

These observations are very important clinically, since they mean that 
all of the clinical improvements and risk of fluid and electrolyte complica- 
tions associated with a given dose of a diuretic will occur within the first 2 
to 3 weeks. Once the patient is beyond this point, repeat measurement of 
blood tests at every visit to detect the possible presence of worsening renal 
function (due to excessive fluid loss) or potassium depletion is not necessary 
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FIGURE 4.9. Reestablishment of the steady state after the administration of a 
high dose of a thiazide diuretic to normal subjects. There is a negative balance 
(bars going downward below the zero point) of sodium for 3 days and of potas- 
sium for 6 to 9 days before intake and output come back into balance due to 
activation of counterregulatory forces. 
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unless there has been some change in the patient’s condition (such as wors- 
ening heart disease or superimposed gastrointestinal losses due to vomiting 
or diarrhea). 


A patient with congestive heart failure becomes refractory to a 
loop diuretic, even at high doses. How might you overcome the 
increase in sodium reabsorption in other nephron segments that 
limit the net response to the loop diuretic? 


Diuretic-induced Side Effects 


Diuretics can induce a variety of side effects that are related to the uri- 
nary losses of solutes and water. For the sake of brevity, only volume deple- 
tion from excess fluid removal, disturbances in potassium balance, and an 
increase in the plasma uric acid concentration (hyperuricemia) that can pre- 
dispose to the development of gout will be reviewed here. 


Excess Fluid Removal 
The salt and water losses induced by diuretic therapy initially come from that 
fraction of the plasma that was filtered at the glomerulus. This will lead to a 
reduction in plasma volume and, therefore, in the venous and intracapillary 
hydraulic pressures. The fall in capillary pressure will promote the movement 
of edema fluid into the vascular space, with the net effect being a reduction in 
the degree of edema and relative preservation of the plasma volume. If, how- 
ever, too much fluid is removed, the plasma volume and eventually the cardiac 
output and tissue perfusion will fall. Although cerebral, coronary, splanchnic, 
or musculoskeletal perfusion or the total cardiac output cannot be easily mea- 
sured in ambulatory patients, renal perfusion can be estimated by following 
the BUN and plasma creatinine concentration. If these values are stable as an 
edematous patient is diuresed, a clinically significant reduction in tissue per- 
fusion has not occurred. On the other hand, an otherwise unexplained eleva- 
tion in these parameters is an indication to withhold further diuretic therapy. 
Decreased tissue perfusion can occur even in patients who remain 
markedly edematous. How this occurs can be appreciated by returning to 
the Frank-Starling relationship in Figure 4.5. Fluid loss with diuretic therapy 
will move the patient from point C down toward point B. The reduction in 
stroke volume and cardiac output resulting from the fall in cardiac stretch 
may lower renal perfusion and raise the BUN and creatinine concentrations 
even though the filling pressures remain high enough for edema to persist. 


Rate of Fluid Removal. A somewhat related issue is the rate at which 
edema fluid can be safely removed without inducing clinically signifi- 
cant plasma volume depletion. The answer to this question varies with 
the underlying disorder. With sodium retention in congestive heart failure 
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or renal failure, the associated plasma volume expansion raises the filling 
pressures in all peripheral capillaries as evidenced on physical examina- 
tion by an elevation in jugular venous pressure (which reflects the pres- 
sure in the right atrium). As a result, edema fluid can be mobilized from all 
of these capillaries as the venous and intracapillary pressure fall following 
fluid loss. The net effect is that there is little or no rate limitation to fluid 
removal in these settings. Patients with advanced congestive heart failure 
and marked edema can lose 5 kg overnight without developing signs of 
decreased tissue perfusion. 

Hepatic cirrhosis with ascites represents an important exception to 
this rule. In this disorder, the primary defect is postsinusoidal obstruc- 
tion leading to an isolated elevation in hepatic sinusoidal pressure. 
Thus, ascites formation occurs across the sinusoids and ascites mobili- 
zation following diuretic therapy can only occur via the peritoneal capil- 
laries. (The hepatic capsule prevents mobilization back into the hepatic 
sinusoids.) 

Fluid movement into the peritoneal capillaries is a rate-limited process 
with a maximum of 500 to 900 mL/day. Thus, the rate of fluid loss should 
not exceed 500 mL/day in patients with hepatic cirrhosis and ascites unless 
there is also peripheral edema that can be mobilized. As shown in Figure 4.10, 
more rapid fluid loss can lead to plasma volume depletion and a rise in the 
BUN in patients without peripheral edema. 


Ascites can also be removed by paracentesis in which a needle 
or catheter is inserted into the peritoneal space. What initial 
effect would this method of fluid removal have on the plasma 

EJ volume? By what mechanism might paracentesis lower the 
plasma volume? 


Potassium Balance 

Urinary potassium excretion is primarily derived from the secretion of 
potassium from the cortical collecting duct cell into the lumen; in compar- 
ison, most of the filtered potassium is reabsorbed in the proximal tubule 
and loop of Henle (see Chapter 7). Distal potassium secretion is primar- 
ily dependent upon two factors: aldosterone, which increases the number 
of open sodium and potassium channels in the luminal membrane, and 
the distal delivery of sodium and water. The loop and thiazide-type diuret- 
ics affect both of these processes: Distal delivery is increased, since less 
sodium and water are reabsorbed in the loop of Henle and distal tubule, 
respectively, and fluid losses lead to activation of the renin-angiotensin- 
aldosterone system. Thus, potassium excretion tends to increase and hypo- 
kalemia (a fall in the plasma potassium concentration) is a not uncommon 
complication. 
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FIGURE 4.10. Effect of fluid removal by diuresis at a rate of 1 to 1.5 L/day in 
patients with hepatic cirrhosis and ascites (Group 1 with no peripheral edema 
or Group 2 with peripheral edema). Substantial plasma volume reductions were 
achieved in both the groups (A), but plasma volume depletion as determined 
by elevated BUN concentrations only occurred in the relatively rapidly diuresed 
patients with no edema (B). 


The findings are different with the potassium-sparing diuretics, which 
act at the potassium secretory site rather than proximal to it. The decrease 
in sodium reabsorption induced by these agents makes the lumen less 
electronegative (since less cationic sodium is removed), thereby diminish- 
ing the electrical gradient favoring the passive entry of cellular potassium 
into the lumen. The net effect is an initial fall in potassium excretion and 
an elevation in the plasma potassium concentration. In the clinical setting, 
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the potassium-sparing diuretics are most often used to minimize potassium 
losses induced by the loop or thiazide-type diuretics. 


Uric acid handling in the kidney involves four steps: filtration across the 
glomerulus, reabsorption of almost all of the filtered uric acid in the early 
parts of the proximal tubule, secretion of uric acid back into the lumen in the 
later proximal tubule, and a variable degree of postsecretory reabsorption in 
the late proximal tubule. The mechanism by which these processes occur is 
incompletely understood, but uric acid reabsorption appears to be indirectly 
linked to that of sodium. 

Diuretics affect this process by reducing tissue perfusion. The ensuing 
elevations in angiotensin II and norepinephrine production increase proxi- 
mal sodium and water reabsorption, thereby increasing net uric acid reab- 
sorption. As a result, there is an initial reduction in uric acid excretion and 
an elevation in the plasma uric acid concentration. This side effect can be 
induced by any of the diuretics. 


SUMMARY 


Edema formation occurs when the forces that maintain fluid in the vascula- 
ture are disturbed. These competing forces include hydrostatic pressures and 
oncotic pressures in the capillary and intersitital compartment. Normally, albu- 
min is filtered across the capillary wall into the interstitial space but returned 
to the circulation through the lymphatics. Increases in capillary hydrostatic 
pressure or reductions in plasma oncotic pressure (lower albumin levels) will 
favor fluid leaving the vasculature. Increased interstitial hydrostatic pressure 
will reduce the tendency for fluid exiting the capillary while increases in inter- 
stitial oncotic pressure will favor edema formation. The primary mechanism for 
edema formation in renal and cardiac disease is sodium and water retention 
leading to expansion of the plasma volume and increased capillary hydrostatic 
pressure. The formation of ascites in patients with cirrhosis develops from 
posthepatic sinusoidal obstruction, and is a form of venous obstruction. Salt 
and water retention in cirrhotics is stimulated by formation of arteriovenous 
connections that bypass the capillary bed and create a condition of decreased 
effective volume depletion. Edema can also form from lymphatic obstruction, 
venous obstruction or conditions that increase capillary permeability (sepsis). 
In patients with nephrotic syndrome and low serum albumin concentration 
(<2 g/dL), the primary mechanism of edema formation is more likely to be pri- 
mary sodium retention although conditions with very low serum albumin con- 
centrations can contribute to edema formation. Treatment of edema involves 
the use of diuretics that promote sodium excretion by interfering with sodium 
absorption in different nephron segments (loop of Henle, distal tubule, and col- 
lecting duct) and thus lower plasma volume. The reduction in plasma volume 
lowers capillary hydrostatic pressure and facilitates fluid re-entry from the inter- 
stitial space into the plasma. The rate of fluid removal is limited by the mobili- 
zation of fluid into the plasma and is most difficult in the treatment of ascites. 
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CASE DISCUSSION 2 


The patient presented at the beginning of the chapter has generalized edema 5, 
that could be due to one of the three major causes of edema: congestive heart 
failure, hepatic cirrhosis, or renal disease. Heart failure and renal failure are 
excluded by the normal jugular venous pressure and the normal BUN and plasma 
creatinine concentration, respectively. The acute onset and lack of ascites as a 

major site of edema formation or other findings of chronic liver disease rule out 
hepatic cirrhosis. The presence of the nephrotic syndrome is evidenced by the 

heavy proteinuria and hypoalbuminemia. 


EN To generate an osmotic pressure, solutes must be unable to cross the sepa- 

rating membrane. Sodium salts are freely permeable across the capillary 
wall (but not the cell membrane) and therefore are considered ineffective osmoles 
at this site (see Chapter 2; Fig. 2.2). Protein movement, on the other hand, is 
largely restricted by the size- and charge-selective properties of the capillary wall. 


2) Three safety factors protect against the development of edema. Most 

important is increased lymphatic flow that can initially remove the excess 
filtrate. Fluid entry into the interstitium also will raise the interstitial hydraulic 
pressure and lower the interstitial oncotic pressure, both of which will retard fur- 
ther movement of fluid out of the vascular space. The fall in interstitial oncotic 
pressure occurs by dilution and by lymphatic-mediated removal of interstitial 
proteins. 


EJ Volume expansion in acute glomerulonephritis leads to suppression of the 

release of renin and increased secretion of atrial natriuretic peptide. In com- 
parison, the low cardiac output in congestive heart failure is associated with acti- 
vation of the renin-angiotensin system. However, atrial natriuretic peptide levels 
will also be increased, since intracardiac filling pressures are increased due to the 
cardiac disease. 


| 4 | Decreasing the plasma volume with diuretic therapy will relieve pulmonary 

congestion by lowering the intracardiac filling pressures. This fall in LVEDP 
often lowers the stroke volume and therefore the cardiac output. In most cases, 
the fall in cardiac output is not clinically significant and the patient is substantially 
improved. Given the difficulty in routine measurement of the cardiac output or 
cerebral, coronary, splanchnic, or musculocutaneous blood flow, the simplest way 
to monitor the adequacy of tissue perfusion is by following the BUN and plasma 
creatinine concentration. An otherwise unexplained elevation in these parameters 
suggests a significant reduction in blood flow to the kidneys and presumably to 
other organs as well. On the other hand, a stable ratio suggests that tissue perfu- 
sion is being maintained as the edema fluid is being removed. 
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5 | The hepatic sinusoid is freely permeable to albumin. As a result, the plasma 
and hepatic interstitial oncotic pressures are essentially equal and do not 
play an important role in the regulation of fluid movement across the sinusoid. 


6 | Edema in congestive heart failure is due to increased venous pressure 

resulting from sodium retention and plasma volume expansion. Because of 
the cardiac disease, intracardiac filling pressures are increased (as in Fig. 4.5) and 
the jugular venous pressure should be elevated. In comparison, the postsinusoidal 
obstruction in hepatic cirrhosis results in the deposition of much of the excess 
fluid in the peritoneum. As a result, the jugular venous pressure is usually normal 
or low normal. 


One way to treat resistant edema is to block sodium transport at several 

sites within the nephron. Thus, the addition of a thiazide-type diuretic to a 
loop diuretic often produces a good diuretic response. Addition of a potassium- 
sparing diuretic might also be helpful in this setting by modestly enhancing the 
natriuresis while minimizing the amount of potassium lost. 


8| In contrast to diuretic therapy, which removes fluid initially from the plasma, 
paracentesis has no direct effect on the plasma volume since the ascitic 
fluid is in an extravascular space. However, recurrent ascites formation, which is 
promoted by the associated reduction in intraperitoneal pressure, can lead to a 
late reduction in plasma volume. Many physicians are now using paracentesis 
rather than diuretics as a rapid and safe therapy in patients with marked ascites. 
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ACID-BASE PHYSIOLOGY 
AND METABOLIC ALKALOSIS 


CASE PRESENTATION 


A 32-year-old woman develops severe vomiting due to viral gastroenteritis. This 

problem persists for 2 days, with the patient able to eat only small amounts of 

hot soup. Physical examination in the doctor's office reveals a blood pressure of 

110/70 supine and 95/60 erect, the estimated jugular venous pressure is below 

5 cmH,0O, and skin turgor is moderately reduced. The patient's weight is 2.1 kg 
€ below her previous baseline. 


à Initial blood and urine tests reveal the following: 

A BUN =31 mg/dL (9-25) 
Creatinine = 1.2 mg/dL (0.8-1.4) 
Na = 141 mEq/L (136-142) 
K = 3.2 mEq/L (3.5-5) 
Cl = 90 mEq/L (98-108) 
Total CO, = 36 mEq/L (21-30) 
Arterial pH = 7.50 (7.37-7.43) 
PCO, = 48 mmHg (36-44) 
Urine Na = 10 mEq/L (variable) 
Urine pH = 5.0 (variable) 
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By the end of this section, you should have an understanding of each 
of the following issues: 


m m The basic principles of acid-base physiology, including the role of 
the bicarbonate-carbon dioxide buffer system. 


7a 
= Howthe kidney maintains acid-base homeostasis by adjusting the rate 
Ci of net acid excretion to equal the daily acid load. 
© B The characteristics of the different acid-base disorders and the 
compensatory responses they initiate. 
m The factors responsible for the generation and continuation of 
metabolic alkalosis. 
m The mechanisms by which metabolic alkalosis can be corrected by 
promoting the urinary excretion of the excess bicarbonate. 
Introduction 


As with other components of extracellular fluid, the hydrogen concentra- 
tion is maintained within narrow limits. However, this process must be 
extremely sensitive, since the normal extracellular hydrogen concentration 
is 40 nanoequivalents (nEq/L), roughly one-millionth the milliequivalent per 
liter concentrations of sodium, potassium, and chloride. 

The maintenance of this extremely low hydrogen concentration is essen- 
tial for normal cell function. Hydrogen ions are highly reactive, particularly 
with negatively charged portions of protein molecules. Thus, proteins gain 
or lose hydrogen ions when there is a change in the hydrogen concentration, 
leading to alterations in protein function. 

These effects of hydrogen are determined by the intracellular hydrogen 
concentration. Although this parameter cannot be measured clinically, it 
varies in parallel with (although it is not identical to) the concentration of 
hydrogen in the extracellular fluid. Thus, the state of acid-base balance can 
usually be estimated from the plasma (usually arterial) hydrogen concentra- 
tion or pH (which is equal to -log [H*]). 


Acids and Bases 


An understanding of acid-base balance begins with the following definitions. 
An acid is a substance that can donate hydrogen ions and a base is a substance 
that can accept hydrogen ions. These properties are independent of charge. 
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Thus, H,CO, (carbonic acid), HCI (hydrochloric acid), NH} (ammonium), and 
H,PO; (dibasic phosphate) all can act as acids: 


H,CO, <> Ht + HCO; 
Hcl > H+ + Clr 
NH: > H* + NH, 

H PO; o H* + HPO2- 
Acid Base 


There are two classes of acids that are physiologically important: car- 
bonic acid and noncarbonic acids. Each day, the metabolism of carbohy- 
drates and fats results in the generation of approximately 15,000 mmol of 
CO,. Although CO, is not an acid, it combines with H,O to form H,CO,. Thus, 
there would be a progressive accumulation of acid if the endogenously pro- 
duced CO, were not excreted. This is prevented by the loss of CO, via alveolar 
ventilation. 

On the other hand, noncarbonic acids are primarily generated from 
the metabolism of proteins. In particular, the oxidation of sulfur-containing 
amino acids results in the formation of H,SO, (sulfuric acid). In compar- 
ison to the very high rate of CO, production, only about 50 to 100 mEq of 
noncarbonic acid is produced each day. Elimination of this acid is a two-step 
process: 


a Initial combination with extracellular bicarbonate and intracellular buffers 
to minimize the change in the free hydrogen concentration. 
= The subsequent excretion of this acid by the kidney. 


Law of Mass Action 


Although the concept of buffering should be familiar to the reader, it is 
useful to review the law of mass action and the derivation of the Henderson- 
Hasselbalch equation. The law of mass actions states that the velocity of a 
reaction is proportional to the concentration of the reactants. Thus, for the 
reaction, 


HPO? +H* <> HPO; 
the velocity with which the reaction moves to the right is equal to 
v, =k [HPO} LT") 


where k, is the rate constant for the reaction. Similarly, the velocity with 
which the reaction moves to the left is equal to 


v,=k,[H,PO |] 
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At equilibrium, v, equals v,. As a result, 
k [| HPO? |[H*] = k,[H,PO}7] 
Solving for k,: 
k, =k, |HPO;|[H"*] + [H,PO}] 


If the two rate constants are combined into one, K,, which is the appar- 
ent ionization of dissociation constant for this acid, 


K,=k, + k, 
= ([HPO;][H"]) + [H,P0;] 
or 
[H+] =K [H,PO,] + [H,P07| (Eq. 1) 
If the negative logarithm of each side is taken, then 
-log |H*] = -log K,- log(|H,PO;| + [HPO7}) 


If -log [H*] is called the pH, —log K, is defined as the pK,, and -log [a/b] 
is converted to +og [b/a], then Eq. 1 becomes the Henderson-Hasselbalch 
equation: 


pH= pK + log ([HPO7| + [H,PO;]) (Eq. 2) 
This equation can be written more generally for any weak acid as 
pH= pK, + log([base] + [acid]) (Eq. 3) 


Thus, knowing the base-to-acid ratio for any weak acid in a solu- 
tion such as the extracellular fluid is sufficient to estimate the pH in that 
solution. 

HPO; is able to act as a buffer in the physiologic pH range because it is 
able to take up extra hydrogen ions, thereby minimizing the elevation in the 
free hydrogen concentration or the reduction in pH. 


Bicarbonate-Carbon Dioxide System 


As will be described below, HPO? is one of the major urinary buffers and 
plays an important role in net acid excretion. In comparison, the state 
of systemic acid-base balance is estimated clinically by the use of the 
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bicarbonate-carbon dioxide buffering system. This buffer system can be 
described by the following reactions: 


ee ee ene A 

The pK, for carbonic acid is 3.6, and at normal pH, the H,CO, concentra- 

tion is about 340 times less than the concentration of dissolved CO, in the 

aqueous phase. The degree to which H,CO, dissociates into H* + HCO; can 
be determined from the law of mass action for this reaction: 


K, = [H"|HCO;] + [H,C0,] (Eq. 5) 


The K, = 2.72 x 10“ (pKa = 3.6) and at normal pH, [H*] = 40 x 10°mol/L. 
Thus, solving for [HCO,] + [H,CO,] there are 6,800 molecules of HCO, for 
every H,CO, As a result, H,CO, can be ignored and Eq. 4 simplifies to 


CO,+ H,0 <> H* + HCO; (Eq. 6) 


The Henderson-Hasselbalch equation for this system can be expressed 
by the following equation: 


pH= 6.10 + log({HCO;| + [0.03 x PCO,]) (Eq. 7) 


where 6.10 is the pK, for this equation and 0.03 times the partial pressure of 
carbon dioxide is equal to the concentration of dissolved carbon dioxide. The 
normal range of values for these parameters is listed in Table 5.1. 

The lower pH (and higher hydrogen concentration) in venous blood is due 
to the addition of metabolically produced carbon dioxide in the capillary circu- 
lation. The range of pH that is compatible with survival is between 7.80 and 6.80 
(equivalent to a range of hydrogen concentrations between 16 and 160 nEq/L). 

Most hospital laboratories measure the total CO, concentration in the 
plasma rather than the bicarbonate concentration. This test is performed by 
adding a strong acid to a blood sample and measuring via a colorimetric reac- 
tion the quantity of CO, generated. Most of the CO, will be generated from 
the combination of the added acid with bicarbonate to form carbonic acid; 


Normal Acid-Base Values 

pH [H*] (nEq/L) PCO,(mmHg)  [HCO;] (mEq/L) 
Arterial 7.37-7.43 37-43 36-44 22-26 
Venous 7.32-7.38 42-48 42-50 23-27 
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however, the dissolved CO, (0.03 x PCO,) will also be measured. As a result, 
the total CO, concentration normally exceeds the bicarbonate concentration 
by 1 to 1.5 mEq/L. 


Acidosis and Alkalosis 


The extracellular pH is abnormal in a variety of clinical conditions. A reduction in 
pH (or elevation in the hydrogen concentration) is called acidemia; an elevation 
in pH (or reduction in hydrogen concentration) is called alkalemia. Processes 
that tend to lower or raise the pH are called acidosis and alkalosis, respectively. 
In general, acidosis causes acidemia and alkalosis causes alkalemia. 
However, exceptions can occur when there is a mixed acid-base disturbance 
in which more than one abnormality is present. From Eq. 6, pH of the bicar- 
bonate-carbon dioxide system is determined by the ratio of base (bicarbonate 
concentration) to acid (PCO,). Therefore, acidosis can be induced either by 
a reduction in the plasma bicarbonate concentration or an elevation in the 
PCO,. The former is called metabolic acidosis and, since the PCO, is regulated 
by ventilation, the latter is called respiratory acidosis. In contrast, alkalo- 
sis can be induced either by a rise in the plasma bicarbonate concentration 
(metabolic alkalosis) or a decline in the PCO, (respiratory alkalosis). 


Response to the Daily Acid Load 
Acid can be generated from a variety of sources, most of which come from 
the metabolism of sulfur-containing amino acids (such as methionine and 
cystine) or cationic amino acids (such as arginine or lysine). 
Methionine — glucose + urea + SO? + 2H* 
Arginine — glucose (or CO,) + urea+ H* 
On the other hand, hydrogen ions are consumed by the metabolism of 


anionic amino acids (such as glutamate and aspartate) and by the oxidation 
or utilization of organic anions (such as citrate and lactate). 


Lactate” + H* — glucose + CO, 


A normal Western diet results in the net production of 50 to 100 mEq 
of hydrogen per day in adults. The homeostatic response to this acid load 
involves two steps: buffering and renal excretion. 


Buffering 


Survival of the organism is dependent upon the body buffers. It is essential to 
remember that the normal hydrogen concentration is 40 nEq/L. If, for example, 
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80 mEq of acid were freely distributed through the total body water (approxi- 
mately 40 L in an average adult man), then the body water hydrogen concen- 
tration would rise by 2 mEq/L, almost one million times normal. The pH in this 
setting would be about 3.3, a level that would not be compatible with life. 

Fortunately, this marked acidemia does not occur because the rise in 
free hydrogen concentration is limited by the combination of hydrogen ions 
with bicarbonate in the extracellular fluid, HPO} and protein anions in the 
cells, and carbonate (CO; ) in bone. 

If, for example, 2 mEq/L of hydrogen were added to the extracellular 
fluid, the buffering reaction for the bicarbonate-carbon dioxide system 
would be driven to the left: 


CO,+H,O — H* + HCO; 


Almost all of the excess hydrogen ions would be buffered by bicarbonate, 
lowering the plasma bicarbonate concentration from the normal value of 
24 mEq/L down to 22 mEq/L. Each milliequivalent of bicarbonate that is 
buffered also generates 1 mmol of carbon dioxide. Thus, the dissolved CO, 
concentration would rise from 1.2 mmol/L (0.03 x 40) to 3.2 mmol/L, which 
is equivalent to a PCO, of 107 mmHg. From the Henderson-Hasselbalch 
equation, the new pH would be 6.93, rather than the normal value of 7.40: 


pH=6.10+ log(22 + [0.03 x 107]) = 6.93 


This is much better than a pH of 3.3 if there were no buffering, but it is 
still a marked change clinically. The relative inefficiency of this system occurs 
because the pK, is 6.10, more than 1.0 pH units (the range in which a buffer is 
most effective) from the extracellular pH of 7.40. 

However, bicarbonate does act as a very effective buffer in the body 
because the PCO, can be controlled independently via respiration. If, for 
example, ventilation were stimulated so that the PCO, remained constant at 
40 mmHg, then 


pH =6.10+ log(22 + [0.03 40]) = 7.36 


However, the system is even more efficient because even mild degrees 
of acidemia stimulate ventilation to better protect the pH by reducing the 
PCO, below normal. A 2-mEq/L fall in the plasma bicarbonate concentration 
might result in a 2 mmHg reduction in the PCO, to 38 mmHg, In this setting, 
the pH would be essentially normal: 


pH=6.10+ log(22 + [0.03 x 38]) = 7.385 


This example highlights a central theme in compensation for acid-base 
disturbances: The presence of a simple (single) acid-base disorder will result 
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in compensation that corrects the pH toward 7.40 but not equal to 7.40. 
Therefore, measuring a pH of 7.40 in the setting of an acid-base abnormality 
implies that at least two processes are occurring. 


Renal Acid Excretion 


Despite the efficacy of extracellular and intracellular buffering, the body buf- 
fers (such as extracellular bicarbonate) would eventually become depleted if 
the dietary acid load were not eventually excreted in the urine. The following 
major steps are involved in this process in which 50 to 100 mEq of hydrogen 
ions must be excreted per day: 


= Hydrogen excretion occurs by hydrogen secretion by the tubular cells in 
the proximal tubule, loop of Henle, and collecting ducts. 

= The minimum urine pH that can be achieved is 4.5. Although this is 1,000 
times (three log units) more acidic than the plasma, the free hydrogen ion 
concentration in the urine is still only 40 WEq/L. Thus, 2,500 L of urine 
would be required to excrete 100 mEq of hydrogen. This is not possible 
physiologically, so hydrogen ions must be buffered in the tubular lumen, a 
process that primarily involves HPO; and ammonium (NH;). 

= At a glomerular filtration rate of 180 L/day and a plasma bicarbonate con- 
centration of 24 mEq/L, 4,320 mEq of bicarbonate is filtered each day. From 
Eq. 5, each milliequivalent of bicarbonate lost leaves behind a free hydro- 
gen ion. Thus, essentially all of the filtered bicarbonate must be reabsorbed 
before the quantitatively much smaller daily acid load can be excreted. 


Cell Model for Proximal Bicarbonate Reabsorption 
and Hydrogen Secretion 
A cell model for bicarbonate reabsorption and hydrogen secretion in the 
proximal tubule is depicted in Figure 5.1. lons cannot freely move across 
the lipid bilayer of the cell membrane. As a result, transmembrane transport 
requires the presence of carriers or channels that span the membrane. 
Hydrogen is secreted into the tubular fluid via the Na*/H* exchanger 
at the apical membrane of the tubular cells. The energy for this process is 
indirectly provided by the Na* —K'-ATPase pump in the basolateral mem- 
brane; this pump maintains the cell sodium concentration at a low level 
and creates a cell-interior negative electrical potential (see Chapter 1). 
As a result, there is a highly favorable gradient for passive sodium entry into 
the cell at the apical membrane; this gradient is sufficient to drive hydrogen 
secretion. The combination of hydrogen with filtered bicarbonate generates 
carbonic acid (H,CO,,). Under the influence of carbonic anhydrase located in 
the brush border of the apical membrane, carbonic acid rapidly dissociates 
into CO, and water. The water is rapidly reabsorbed through apical water 
channels (aquaporin-1) and the CO, diffuses across the plasma membrane. 
Intracellular carbonic anhydrase then catalyzes the reformation of carbonic 
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HCO3 
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Carbonic H2CO3 
= anhydrase Carbonic 3HCO3 
t ~ anhydrase 
CO; + H2O 


a-ketoglutarate 


NH3 + H* i 
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Tubular Peritubular 
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FIGURE 5.1. Major steps involved in acid secretion in the proximal tubule. 
Within dotted line box is the hydrogen and bicarbonate cycle between the cell and 
the tubular lumen. Hydrogen secretion from the cell into the tubular lumen primarily 
occurs via a Na™—H+ exchanger (which can also function as a Na*—NH; exchanger) 
in the apical membrane. The hydrogen ions combine with filtered HCO; to form 
carbonic acid. Luminal carbonic anhydrase (CA) catalyzes conversion of H,CO, 
to CO, and H,O that are reabsorbed through the apical membrane. Intracellular 
CA generates carbonic acid that dissociates into hydrogen and bicarbonate. Each 
hydrogen ion secreted generates a bicarbonate ion within the cell that is returned 
to the peritubular capillary by the Na*—-3HCO; cotransporter in the basolateral 
membrane. This transporter also serves as the mechanism by which changes in the 
plasma bicarbonate concentration are sensed by the cells. Ammonium is generated 
from metabolism of glutamine that can be secreted as NH}, or NH, can diffuse into 


4 
tubular lumen where it can be protonated in the distal nephron (Fig. 5.2). 
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acid that then dissociates into hydrogen and bicarbonate. This bicarbon- 
ate leaves the cell via a Na* — 3HCO; cotransporter in the basolateral mem- 
brane; the energy for this net movement of negative charge is provided by the 
cell-interior negative potential. This process removes bicarbonate from the 
lumen. However, the bicarbonate ion that is returned to the systemic circu- 
lation is the bicarbonate that was generated within the cell when hydrogen 
was secreted (Fig. 5.1). The result is reabsorption of the filtered bicarbonate, 
but there is no net acid secretion occurring through this mechanism. The net 
effect is that roughly 80% to 90% of the filtered bicarbonate is reabsorbed in 
the proximal tubule, with the tubular fluid pH falling from 7.40 in the filtrate 
to about 6.70 at the end of proximal tubule. Another 15% of bicarbonate is 
reabsorbed in the thick ascending limb of the loop of Henle using mecha- 
nisms similar to the proximal tubule (via carbonic anhydrase). The final site 
for bicarbonate reabsorption and hydrogen secretion is the distal nephron 
through intercalated cells (Fig. 5.2). The excretion of hydrogen ion generates 
an equivalent amount of bicarbonate reabsorption through the basolat- 
eral anion exchanger AE1. These cells play no role in sodium reabsorption, 
which occurs in the adjacent principal cells in the cortical collecting duct 
(the model for which is depicted in Fig. 1.4) and in the inner medullary 
collecting duct. 


Titratable Acidity. Bicarbonate reabsorption reclaims filtered bicarbonate 
but does not participate in the excretion of the dietary acid load. The latter 
process requires the combination of secreted hydrogen ions with buffers or 
the formation of ammonium (NH}). Weak acids filtered at the glomerulus 
can act as buffers in the urine; their ability to do so is related both to the 
quantity of buffer present and to its pK,. Monobasic phosphate (HPO; ) is 
the most prevalent effective buffer in the tubular fluid. The pK, is 6.80 for the 
phosphate buffering reaction: 


HPO? +H <> HPO, 


As a result, almost all of the filtered HPO? will be converted to H,PO; as 
the tubular fluid pH falls below 5.8 (1.0 pH unit from the pK, ). Although there 
is some buffering via this mechanism in the proximal tubule, the majority of 
HPO* buffering occurs more distally as urine pH falls (Fig. 5.2). 

Note that each secreted hydrogen ion that combines with a titratable 
acid leaves a bicarbonate ion within the cell (Fig. 5.2). This bicarbonate is 
returned to the systemic circulation (via the chloride-bicarbonate exchanger 
in the basolateral membrane) to replace a bicarbonate ion initially consumed 
by buffering of the dietary acid load. The energy for this process is derived 
from the favorable inward gradient for chloride, which has a high concentra- 
tion in the extracellular fluid and a low concentration in the cells. 

Buffering by phosphate and, to a lesser degree, other buffers such as 
urate and creatinine is called titratable acidity because of the manner in 
which it is measured. Total buffering by these weak acids is equal to the 
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Collecting duct 


— NH; — 


Cortical collecting duct—intercalated cell type A 


Tubular 
lumen 


HPO;?+ H* 


HCO; 


| _ Carbonic 
Excreted anhydrase 
H* HzO + CO, 


Excreted 


FIGURE 5.2. Model of hydrogen secretion in the distal nephron, which mostly 
occurs in the intercalated type A cells in the cortical collecting duct and in the cells 
in the outer medullary collecting duct. Hydrogen secretion primarily occurs via an 
active H*-ATPase pump in the apical membrane and each milliequivalent of hydro- 
gen secreted generates an equivalent amount of bicarbonate that is reabsorbed 
through the basolateral anion exchanger, AE1. A proton ATPase (H*—K*-ATPase, 
NHE3) is also present but may play a greater role in potassium reabsorption during 
potassium depletion than in acid—base balance (see Chapter 7). Secreted hydrogen 
combines with ammonia (secreted from the peritubular interstitium into the lumen) 
to form ammonium that is trapped in the tubular lumen. Secreted hydrogen is also 
buffered by filtered HPO;? to form H,PO;. Note that the intercalated type A cells 
are not involved in sodium reabsorption. 
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quantity of a base, such as sodium hydroxide, that must be added to the urine 
to raise the pH back to 7.40, the value present in the filtrate. 

Titratable acidity normally accounts for the excretion of 10 to 40 mEq 
of hydrogen per day. However, titratable acidity cannot be easily increased 
in the presence of an acid load, since this process is limited by the quan- 
tity of potential buffer (particularly phosphate) excreted in the urine. One 
important exception occurs in diabetic ketoacidosis where large quantities 
of B-hydroxybutyrate are excreted in the urine. In this setting, titratable acid 
excretion can be augmented by more than 50 mEq/day. Although the pK, for 
B-hydroxybutyrate is approximately 4.80, it can act as an effective buffer in 
the distal nephron where the tubular fluid pH can fall to 5.0 in patients with 
ketoacidosis. 


Ammonium Excretion. Ammonium excretion constitutes the major adap- 
tive response to an acid load, because the rate of ammonium production can 
be varied according to physiologic needs. The normal rate of ammonium 
excretion is from 30 to 40 mEq/day but can increase to over 300 mEq/day 
after a maximum acid load. This is in marked contrast to the limited ability 
to enhance titratable acid excretion. 

Most of the urinary ammonium is formed in the proximal tubule by a 
process illustrated in Figure 5.1. Ammonium is generated within the cell, pri- 
marily from the metabolism of the amino acid glutamine to glutamate and 
then to a-ketoglutarate: 


Glutamine — NH, + glutamate — NH} + o— ketoglutarate*” 


Further metabolism of o-ketoglutarate generates two bicarbonate ions 
that are then returned to the systemic circulation, thereby regenerating the 
bicarbonate lost during the initial buffering of dietary acid. 

Ammonium can accumulate in the urine via one of two mechanisms. In 
the proximal tubule, ammonium may leave the cell directly, by substituting 
for hydrogen on the Na*/H* exchanger (Fig. 5.1). In the collecting ducts, on 
the other hand, lipid-soluble ammonia (NH,) can passively diffuse into the 
lumen where it combines with a secreted hydrogen ion to form ammonium 
(Fig. 5.2). Cationic ammonium is lipid-insoluble and is therefore “trapped” in 
the lumen, since back-diffusion across the luminal membrane cannot occur. 


The pK, for the reaction—NH, + H+ <> NH;—is approximately 

9.0 in urine. If the urine pH is 5.0 in the collecting ducts, what 

is the ratio of urinary ammonia to ammonium? How does this 
1 | promote further ammonium excretion? 


Urine pH. Continued hydrogen secretion throughout the nephron results ina 
gradual reduction in the urine pH, which falls from 7.40 in the filtrate (in nor- 
mal subjects) to 6.70 at the end of the proximal tubule to as low as 4.5 to 5.0 at 
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the end of the collecting ducts after an acid load. The ability to maintain this 
500 to 1,000:1 hydrogen gradient between the collecting tubular lumen and 
the extracellular fluid requires that the apical membrane and tight junctions 
be highly impermeable to hydrogen ions or ammonium, thereby minimizing 
the degree of back-diffusion. 


Why must distal hydrogen secretion be mediated by an active 
H*-ATPase pump rather than by Na*—H* exchange? 


Regulation of Renal Acid Excretion 


The preceding section described the mechanisms by which hydrogen ions 
are secreted. From a clinical viewpoint, however, it is important to under- 
stand the factors that determine how much hydrogen is secreted. The 
extracellular pH normally plays the major role but, when present, effective 
circulating volume depletion and changes in the plasma potassium con- 
centration can also affect acid secretion, possibly leading to alkalosis or 
acidosis. 


Extracellular pH 

Net acid excretion (primarily determined by the sum of titratable acidity 
and ammonium) varies inversely with the extracellular pH. With acidemia 
(low pH, high hydrogen concentration), for example, the pH can be returned 
toward normal by increasing net acid excretion. Each of the major factors 
involved in acid excretion participate in this response: 


= There is enhanced Na*—H* exchange in the proximal tubule and loop of 
Henle, thereby raising hydrogen secretion in these segments. Both increased 
activity of the exchanger and, later, the synthesis of new exchangers 
are seen. 

= Ammonium production and secretion in the proximal tubule are enhanced 
due to elevations in both the uptake of glutamine by the tubular cells and 
the metabolism of glutamine within the cells. 

= Increased activity of the Na:3HCO, exchanger in the basolateral membrane 
of proximal tubule cells. 

= H’-ATPase activity in the collecting ducts increases due to the insertion of 
preformed cytoplasmic pumps into the apical membrane. 


The net effect is more complete buffering by titratable acids, an eleva- 
tion in ammonium secretion in the proximal tubule, and, due to a fall in urine 
pH, more efficient trapping of secreted ammonia as ammonium in the col- 
lecting ducts. The increase in net acid excretion will result in the return of an 
equivalent amount of new bicarbonate to the systemic circulation, thereby 
raising the extracellular pH toward normal. 
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Suppose the minimum urine pH were 6, rather than 4.5 to 5.0. 
What effect would this have on titratable acid and ammonium 
excretion and on the extracellular pH? 


A major signal for these physiologically appropriate changes is a parallel, 
although lesser, reduction in the renal tubular cell pH. It is important to 
consider how this might occur, since neither hydrogen ions nor bicarbonate 
ions can freely diffuse across the lipid bilayer of the cell membrane. Studies 
in experimental animals suggest that the bicarbonate exit step across the 
basolateral membrane—Na*—3HCO; cotransport in the proximal tubule and 
CI-HCO, exchange in the collecting ducts—also serves as the mechanism 
by which changes in the plasma bicarbonate concentration are sensed by the 
cells. If, for example, an increased acid load lowers the plasma bicarbonate 
concentration, there will now be a greater concentration gradient for bicar- 
bonate to diffuse out of the tubular cells. This loss of intracellular bicarbon- 
ate will lower the intracellular pH, providing the signal to increase hydrogen 
and ammonium secretion. 

The mechanism is different if the change in extracellular pH is due to 
an alteration in the PCO, (that is, respiratory acidosis or alkalosis). In this 
setting, the alteration in intracellular pH is mediated by the diffusion of lipid- 
soluble CO, into or out of the cell. 

We can now use this information to consider the renal response to the 
major acid-base disorders described above. Metabolic alkalosis (an elevation 
in pH due to a primary rise in the plasma bicarbonate concentration) will not 
be included here, because it is discussed in more detail later in this chapter. 


Metabolic Acidosis. Metabolic acidosis is characterized by a fall in extracel- 
lular pH that is induced by a reduction in the plasma bicarbonate concentra- 
tion. This can result from decreased renal acid excretion (retention of H*), 
bicarbonate loss in the gastrointestinal tract or the urine, or increased acid 
generation (see Chapter 6). The initial response to the net acid retention 
is buffering by extracellular bicarbonate and by the cell and bone buffers. 
Uptake of some of the excess hydrogen by the cells is accompanied in part by 
the loss of cell potassium and sodium into the extracellular fluid to maintain 
electroneutrality. Thus, metabolic acidosis is often associated with an eleva- 
tion in the plasma potassium concentration above the level expected from 
the state of potassium balance. In some patients, the plasma potassium con- 
centration is actually above normal (called hyperkalemia) even though body 
potassium stores are diminished (see Chapter 7 and Fig. 7.4). This cation shift 
is reversed with correction of the acidosis. 

Although buffering is initially protective, the restoration of acid-base 
balance requires increased net acid excretion, a response that begins on 
the first day and reaches its maximum within 5 to 6 days as the changes 
in proximal and distal acidification described above increase in intensity. 
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The elevation in acid excretion is mostly as ammonium, since titratable acid- 
ity is limited by the rate of phosphate excretion. Diabetic ketoacidosis repre- 
sents one exception to this general rule, since urinary B-hydroxybutyrate can 
act as a titratable acid. 


Suppose that metabolic acidosis is induced by an increased acid 

load due to bicarbonate loss in diarrhea. When the diarrhea 

resolves and the daily acid load returns to normal, what will be 
| 4 | the signal to lower net acid excretion back to the baseline level? 


In addition to the renal response, the extracellular pH in metabolic acido- 
sis is also protected by a rise in alveolar ventilation, thereby lowering the 
PCO,. From the Henderson-Hasselbalch equation, the pH is proportional 
to the ratio of the plasma bicarbonate concentration to the PCO,. Thus, a 
fall in PCO, will protect the pH in the presence of a reduced plasma bicar- 
bonate concentration. Empirical observations suggest that the PCO, falls by 
an average of 1.2 mmHg for every 1-mEq/L decline in the plasma bicarbon- 
ate concentration. Thus, a plasma bicarbonate concentration of 14 mEq/L 
(10 mEq/L below normal) should be associated with a PCO, of approximately 
28 mmHg (12 mmHg below normal) (Table 5.2). 


Calculate what the pH will be with a plasma bicarbonate 
concentration of 14 mEq/L with and without the respiratory 
compensation. The PCO, will remain at the normal value of 
40 mmHg in the latter setting. 


Respiratory Acidosis. Respiratory acidosis is induced by a rise in PCO, 
(hypercapnia) resulting from decreased alveolar ventilation and occurs in a 
variety of clinical setting associated with respiratory failure (a detailed dis- 
cussion of the causes of respiratory acidosis is beyond the scope of this book). 
Although correction of this disorder requires the restoration of normal pul- 
monary function, the kidney can minimize the change in extracellular pH by 
increasing acid excretion (primarily as ammonium), thereby generating new 
bicarbonate ions in the plasma and raising the plasma bicarbonate concen- 
tration. This renal effect is presumably mediated by a fall in tubular cell pH 
as the excess CO, diffuses into the cells. 

On average, the plasma bicarbonate concentration will initially rise in 
respiratory acidosis by approximately 1 mEq/L for every 10 mmHg eleva- 
tion in the PCO, by tissue buffering and then, over a period of 5 to 6 days, 
by 3.5 mEq/L for every 10 mmHg rise in the PCO, due to the added effect of 
enhanced renal acid excretion. The net result is that the extracellular pH is 
generally well defended in chronic respiratory acidosis. 
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Primary and Compensatory Changes in Different Acid-Base Disorders 


Disorder Primary Change Compensatory Response 

Metabolic Fall in plasma Reduction in PCO, averaging 

acidosis bicarbonate 1.2 mmHg per 1-mEq/L reduction 
concentration in plasma bicarbonate concentration 

Metabolic Rise in plasma Elevation in PCO, averaging 

alkalosis bicarbonate 0.6-0.7 mmHg per 1-mEq/L rise 
concentration in plasma bicarbonate concentration 

Respiratory Elevation in Acute: Rise in plasma bicarbonate 

acidosis REO), concentration averaging 1 mEq/L per 


10 mmHg elevation in PCO, 

Chronic: Increase in plasma bicarbonate 
concentration averaging 3.5 mEq/L per 
10 mmHg rise in PCO, 


Respiratory Reduction in Acute: Fall in plasma bicarbonate 
alkalosis PCO, concentration averaging 2 mEq/L per 
10 mmHg decline in PCO, 
Chronic: Fall in plasma bicarbonate 
concentration averaging 4 mEq/L per 
10 mmHg decline in PCO, 


Tissue buffering results from the diffusion of CO, into cells, such as red 
blood cells. Combination of this CO, with H,O within the cells generates 
H,CO,, which then dissociates into a hydrogen ion (that is buffered by cell 
proteins or hemoglobin) and a bicarbonate ion. The latter diffuses out of 
the cell into the extracellular fluid, thereby raising the plasma bicarbonate 
concentration. 

Note that the responses to acute and chronic respiratory acidosis are dif- 
ferent, due to the delayed increase in renal acid excretion. This is in contrast 
to the respiratory compensation in metabolic acidosis, which occurs rapidly 
over a period of hours. 


Respiratory Alkalosis. Similar considerations, although the changes are 
in the opposite direction, apply to respiratory alkalosis. This disorder is 
characterized by a primary increase in alveolar ventilation that lowers the 
PCO, (hypocapnia) and is seen in many clinical settings including respira- 
tory disorders such as pneumonia, anxiety, severe infection, and liver failure. 
The plasma bicarbonate concentration will initially fall by 2 mEq/L for every 
10 mmHg fall in PCO, due to buffering of released intracellular H* ions. 
This will be followed over a period of several days by an intracellular 
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alkalosis-induced decrease in net acid excretion due to both bicarbonate loss 
in the urine (as less is reabsorbed) and diminished ammonium excretion. 
The net effect is an average fall in the plasma bicarbonate concentration of 
4 mEq/L for every 10 mmHg decline in PCO,, resulting in near-normalization 
of the extracellular pH in chronic respiratory alkalosis. 


Effective Circulating Volume Depletion 

Bicarbonate reabsorption can also be influenced by the effective circulating 
volume, with the most important effect being an elevation in bicarbonate 
reabsorptive capacity with volume depletion. This relationship is depicted 
in Figure 5.3. Raising the plasma bicarbonate concentration by an infusion 
of sodium bicarbonate leads to a plateau in bicarbonate reabsorption at a 
plasma level of about 26 mEq/L. This is an appropriate response, since excre- 
tion of bicarbonate above this level will help to maintain a normal plasma 
bicarbonate concentration. 
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FIGURE 5.3. Filtration, reabsorption, and excretion of bicarbonate as a function 
of the plasma bicarbonate concentration and volume status in a patient receiving 
a sodium bicarbonate infusion to gradually raise the plasma bicarbonate concen- 
tration. When volume expansion was allowed to occur (triangles), bicarbonate 
reabsorptive capacity reached a plateau (green) at a plasma bicarbonate concen- 
tration of 26 mEq/L, with the excess bicarbonate being excreted in the urine (red). 
Thus, the plasma bicarbonate concentration did not increase above 26 mEq/L as 
the excess filtered is not reabsorbed. In comparison, if mild volume depletion were 
induced with a diuretic prior to the bicarbonate infusion (circles), bicarbonate 
reabsorptive capacity exceeded 34 mEq/L and bicarbonaturia occurred at a higher 
plasma bicarbonate concentration. 
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In comparison, bicarbonate reabsorptive capacity can be increased by 
4 mEq/L (to approximately 30 mEq/L) simply by the ingestion ofa low-salt diet 
and can rise to above 35 mEq/L with more marked volume depletion. In this 
setting, the reabsorption of sodium bicarbonate is protective from the view- 
point of volume regulation, since it will tend to minimize the volume deficit. 

The major setting in which this relationship assumes clinical importance 
is in metabolic alkalosis, since the elevation in bicarbonate reabsorptive 
capacity prevents correction of the alkalosis by excretion of the excess bicar- 
bonate in the urine. Increased release of aldosterone (in response to volume 
depletion) and a reduction in the plasma—and therefore tubular fluid chlo- 
ride concentration—play a contributory role in this response (see “Metabolic 
Alkalosis” below). 


Plasma Potassium Concentration 

Both bicarbonate reabsorption and ammonium excretion vary inversely with 
the plasma potassium concentration (Fig. 5.4). This relationship is mediated 
at least in part by transcellular cation shifts that lead to changes in intra- 
cellular pH. With potassium loss, for example, the fall in plasma potassium 
concentration is minimized by diffusion of potassium out of the cells (which 
contain approximately 98% of the body potassium). The major cell anions— 
proteins and organic phosphates such as ATP—are too large to move out of 
the cells. Thus, electroneutrality is maintained by the movement of extra- 
cellular hydrogen and sodium into the cell (see Fig. 7.4). The net effect is an 
intracellular acidosis that will stimulate both bicarbonate reabsorption and 
ammonium excretion. The increased loss of acid will promote the develop- 
ment of metabolic alkalosis. 
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FIGURE 5.4. Inverse relationship between bicarbonate reabsorptive capacity 
and the plasma potassium concentration. 
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These changes are reversed with hyperkalemia, which is associated with 
an intracellular alkalosis and diminished acid excretion. The ensuing acid 
retention can lead to a mild metabolic acidosis. 


Metabolic Alkalosis 


Metabolic alkalosis illustrates the clinical importance of many of the princi- 
ples described above. This disorder is characterized by a primary elevation in 
the plasma bicarbonate concentration and a rise in extracellular pH. Although 
the renal compensation to chronic respiratory acidosis also raises the plasma 
bicarbonate concentration, the extracellular pH is reduced in this setting. 


Pathogenesis 


Two questions must be addressed when approaching the patient with meta- 
bolic alkalosis: 


= What factors lead to the generation of the alkalosis by raising the plasma 
bicarbonate concentration? 

= What factors prevent excretion of the excess bicarbonate, thereby allowing 
the alkalosis to persist? 


Generation of Metabolic Alkalosis 

The most common mechanism responsible for the rise in the plasma bicar- 
bonate concentration in metabolic alkalosis is the loss of hydrogen from 
the gastrointestinal tract (as with vomiting) or in the urine (as with diuretic 
therapy) (Table 5.3). From the buffering reaction for the bicarbonate-carbon 
dioxide system, 


CO, + H,0 <> H* + HCO; 


the loss of hydrogen ions will result in the equimolar generation of 
bicarbonate. 

Gastric secretions, for example, are highly acidic, containing high con- 
centrations of hydrochloric acid. Under normal conditions, the effect of gas- 
tric acid is balanced by the secretion of an equal amount of pancreatic bicar- 
bonate induced by entry of acid into the duodenum. However, there will be no 
stimulus for bicarbonate secretion if the gastric acid does not reach the duo- 
denum due to vomiting or nasogastric suction. This results in loss of hydro- 
gen ions without the appropriate bicarbonate secretion resulting in equimolar 
retention of bicarbonate in the circulation for every mole of hydrogen ion lost. 

Loop or thiazide-type diuretics, on the other hand, inhibit sodium reab- 
sorption in the loop of Henle and the distal tubule, respectively (see Chapter 4). 
Some of the excess sodium is reclaimed in the principal cells in the cortical 
collecting duct under the influence of aldosterone (see Fig. 1.4), the secretion 
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Major Causes of Metabolic Alkalosis 


I. Hydrogen loss 

A. Gastrointestinal loss 
1. Removal of gastric secretions due to vomiting or nasogastric suction 
2. Antacids in advanced renal failure 

B. Urinary loss 
1. Loop or thiazide-type diuretics 
2. Primary mineralocorticoid excess (hyperaldosteronism) 
3. Posthypercapnic alkalosis 
4. Hypercalcemia and milk alkali syndrome 

C. Movement of H* into the cells 
1. Hypokalemia 


Il. Administration of bicarbonate or an organic ion that can be metabolized 
to bicarbonate, such as citrate in blood transfusions 


Ill. Contraction alkalosis 
A. Loop or thiazide-type diuretics in edematous patients 
B. Vomiting or nasogastric suction in achlorhydria 
C. Sweat losses in cystic fibrosis 


of which is increased by the diuretic-induced fluid loss. The reabsorption of 
cationic sodium creates a lumen-negative electrical potential, thereby favor- 
ing the urinary retention of hydrogen secreted by the adjacent intercalated 
cells (the mechanism of which is depicted in Fig. 5.2). Aldosterone also pro- 
motes hydrogen loss by directly stimulating the H'-ATPase pump. Thus, in 
addition to secondary hyperaldosteronism resulting from volume depletion, 
metabolic alkalosis is also seen in conditions of primary aldosterone excess 
(such as an aldosterone-producing adrenal adenoma). 

Other ways in which the plasma bicarbonate concentration can become ele- 
vated are the administration of bicarbonate (or an organic anion, such as citrate, 
that generates bicarbonate as it is metabolized), concurrent hypokalemia (since 
the transcellular potassium—hydrogen shift described above will cause an extra- 
cellular alkalosis and intracellular acidosis), and volume contraction. 

A contraction alkalosis can be seen when a large quantity of relatively 
bicarbonate-free fluid is lost. This most commonly occurs with diuretic ther- 
apy in edematous states and can add to the effect of enhanced hydrogen loss 
induced by the diuretic. In this setting, the extracellular fluid volume con- 
tracts around a constant quantity of extracellular bicarbonate (since little 
or no bicarbonate is being lost); the net effect is a rise in the plasma bicar- 
bonate concentration. Suppose, for example, that an edematous patient 
has an extracellular fluid volume of 20 L and a bicarbonate concentration 
of 24 mEq/L. The total quantity of extracellular bicarbonate is 480 mEq. 
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If 5 L is lost by diuresis, then the extracellular fluid volume will fall to 15 L 
and, if no bicarbonate is lost, the plasma bicarbonate concentration will rise 
to 32 mEq/L. The steady-state value will be somewhat lower due to buffering 
by the release of hydrogen ions from the cell buffers: 


HCO; + HBuf > Buf- + H,CO,—> CO,+H,0 


An elevation in the plasma bicarbonate concentration also constitutes 
the compensatory renal response to a chronic elevation in the PCO, (hyper- 
capnia). Although the extracellular pH is reduced in chronic respiratory aci- 
dosis, the restoration of normal ventilation (as with a mechanical respirator) 
can normalize the PCO, while the plasma bicarbonate concentration remains 
elevated. This phenomenon is called a posthypercapnic alkalosis and may 
persist if the excess bicarbonate cannot be excreted because of concurrent 
volume depletion. 


Maintenance of Metabolic Alkalosis 
Metabolic alkalosis cannot be induced by the administration of sodium 
bicarbonate to normal subjects since, as shown in Figure 5.3, the excess 
bicarbonate will be quantitatively excreted in the urine. One study showed 
that the administration of a massive quantity (1,000 mEq) of sodium bicar- 
bonate per day for 2 weeks produced only a minor elevation in the plasma 
bicarbonate concentration. Thus, persistence of metabolic alkalosis requires 
some concurrent abnormality that limits the renal excretion of bicarbonate. 

The most common perpetuating factor is effective circulating volume 
depletion. As described above, bicarbonate reabsorptive capacity can exceed 
35 mEq/L in hypovolemic subjects (Fig. 5.3) in an attempt to prevent further 
sodium losses. In addition to the effect of hypovolemia-induced hyperaldo- 
steronism, there is evidence suggesting a major role of chloride depletion 
(with hydrogen in gastric secretions or after diuretic therapy) and reduced 
chloride delivery to the collecting ducts. 

There are two major mechanisms by which chloride depletion can 
increase net distal bicarbonate reabsorption: increased hydrogen secretion 
and reduced bicarbonate secretion. 


Increased Hydrogen Secretion. The collecting duct H'-ATPase is associated 
with passive cosecretion of chloride to maintain electroneutrality (Fig. 5.2). A 
reduction in the tubular fluid chloride concentration will enhance the gradient 
for chloride secretion out of the cell, indirectly promoting hydrogen secretion. 


Reduced Bicarbonate Secretion. Normally, elevated plasma bicarbonate 
concentration will result in decreased bicarbonate reabsorption. In addition, 
some of the urinary bicarbonate is derived from a subpopulation of interca- 
lated cells (type B) in the cortical collecting duct that, in the presence of alka- 
lemia, are able to secrete bicarbonate from the cell into the lumen (Fig. 5.5). 
In these cells, the site of the transporters for hydrogen and bicarbonate 
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Collecting duct—intercalated cell type B 
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FIGURE 5.5. Model of bicarbonate secretion in intercalated type B cells in 
the cortical collecting duct. The final step, bicarbonate secretion into the tubular 
lumen, is mediated by a chloride—bicarbonate exchanger located on the apical 
membrane; the H*-ATPase pump in these cells is located on the basolateral 
membrane (CA = carbonic anhydrase). 
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is the opposite of that seen in the hydrogen-secreting cells: The H*-ATPase 
pump is located on the basolateral membrane, while the CI-HCO, exchanger 
is located on the apical membrane. The energy for bicarbonate secretion is 
supplied by the favorable inward gradient for chloride. Thus, a reduction in 
the tubular fluid chloride concentration will diminish net bicarbonate secre- 
tion, thereby perpetuating the alkalosis. 

Regardless of the mechanism, the role of chloride assumes clinical 
importance in both the diagnosis and the treatment of metabolic alkalosis. 


A 22-year-old man develops moderate gastrointestinal bleeding 
from a peptic ulcer. Will the associated volume depletion lead 
to the development of metabolic alkalosis? 


Primary Hyperaldosteronism and Hypokalemia. Patients with primary 
hypersecretion of aldosterone develop both hypokalemia and metabolic 
alkalosis due to increased urinary excretion of potassium (see Chapter 7) and 
hydrogen. These patients tend to be mildly volume expanded and hyperten- 
sive due to aldosterone-induced sodium retention; thus, hypovolemia can- 
not be responsible for the maintenance of the alkalosis. Studies in animals 
and humans suggest that it is hypokalemia that plays the major role since the 
plasma bicarbonate concentration will fall toward normal with the adminis- 
tration of potassium chloride. 

It is presumed that the intracellular acidosis induced by potassium deple- 
tion leads to increased hydrogen secretion and enhanced bicarbonate reab- 
sorptive capacity (Fig. 5.4). Potassium repletion will reverse these cation shifts, 
resulting in potassium movement into and hydrogen movement out of the 
cells. The net effect will be an elevation in intracellular pH (thereby decreasing 
bicarbonate reabsorption) and a direct reduction in the plasma bicarbonate 
concentration due to buffering by the hydrogen ions that leave the cell. 

It is likely that hypokalemia also contributes to persistence of the alka- 
losis in other settings. As an example, potassium as well as hydrogen is lost 
with both vomiting and diuretic therapy. Thus, patients with these disor- 
ders tend to have hypokalemia as well as metabolic alkalosis. In this setting, 
correction of the potassium deficit will partially correct the alkalosis even 
though volume depletion persists. 


Urine Chloride Concentration in Diagnosis of Metabolic 
Alkalosis 


The cause of metabolic alkalosis is almost always evident from the history. 
If the diagnosis is in doubt, then the most likely diagnosis is surreptitious 
vomiting or diuretic ingestion, or one of the causes of primary overproduc- 
tion of aldosterone (or some other mineralocorticoid). 
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Assessment of volume status is helpful in distinguishing between these 
possibilities. Vomiting or diuretic therapy should lead to volume deple- 
tion as opposed to volume expansion with excess mineralocorticoid. As 
described in Chapter 2, the urine sodium concentration can generally be 
used in this setting: A value below 25 mEq/L suggests hypovolemia (unless 
the diuretic is still-acting), whereas a value above 40 mEq/L suggests that 
the patient is normovolemic. The urine chloride concentration follows a 
similar pattern. 

However, metabolic alkalosis represents one of the settings in which 
the urine sodium and chloride concentrations may be dissociated. Although 
volume depletion will cause sodium conservation, the obligation to excrete 
the excess bicarbonate may cause sodium wasting. As shown in Figure 5.3, 
for example, bicarbonate reabsorptive capacity may rise to 35 mEq/L with 
volume depletion. If, however, the plasma bicarbonate concentration is 
42 mEq/L, then bicarbonate will be excreted in part with sodium. 


Relationship between Urinary Bicarbonate Sodium, Potassium, 

and Chloride 

An understanding of the relationship between bicarbonate and other uri- 
nary electrolytes in metabolic alkalosis requires a brief review of transport 
in the different nephron segments. If bicarbonate is excreted because the 
filtered load exceeds reabsorptive capacity, then to maintain electroneu- 
trality either sodium or potassium must accompany the bicarbonate. In the 
proximal tubule and loop of Henle, bicarbonate reabsorption occurs via 
Na*—H* exchange (Fig. 5.1); inhibiting this transporter in metabolic alkalo- 
sis will deliver both sodium and bicarbonate to the distal nephron. 

As described above, bicarbonate reabsorption or secretion in the cor- 
tical collecting duct occurs in the intercalated cells (Figs. 5.2 and 5.5); in 
comparison, the adjacent principal cells reabsorb sodium and chloride and 
secrete potassium in part under the influence of aldosterone (see Fig. 1.5). 
The process of sodium reabsorption through sodium channels in the apical 
membrane creates a lumen-negative potential that can be attenuated by the 
reabsorption of chloride or by the secretion of potassium. 

In a hypovolemic patient with metabolic alkalosis, the associated 
secondary hyperaldosteronism will stimulate collecting duct sodium 
reabsorption. This process will continue until almost all of the chloride has 
been reabsorbed. At this point, nonreabsorbable bicarbonate is the major 
anion left in the tubular lumen. As a result, electroneutrality can be main- 
tained with further sodium reabsorption only if it is accompanied by potas- 
sium secretion. 

Thus, metabolic alkalosis with bicarbonaturia is a sodium- and 
potassium-wasting condition. In comparison, the urine chloride concentra- 
tion will be appropriately reduced (less than 25 mEq/L) due to both hypovole- 
mia and hypochloremia. The urine can be rendered virtually chloride-free in 
this setting, since there is no impairment in the reabsorption of sodium chloride. 
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A patient with unexplained metabolic alkalosis has a urine 

sodium concentration of 43 mEq/L. This could reflect lack of 

volume depletion, as in primary hyperaldosteronism, or volume 

depletion complicated by sodium wasting due to tubular 

dysfunction (most often induced by diuretic therapy) or due to 
bicarbonaturia as in Table 5.4. Other than having the laboratory measure 
the urine chloride concentration (which may not be readily available), what 
simple measurement can you make to confirm or exclude the presence of 
significant bicarbonaturia? 


Urinary Electrolytes in Metabolic Alkalosis 

The range of urinary findings that can be seen in metabolic alkalosis can 
be illustrated by the sequential response to vomiting (Table 5.4). The ini- 
tial loss of gastric secretions (hydrogen and potassium chloride) produces 
a high plasma bicarbonate concentration (since no stimulus for bicarbon- 
ate secretion in the duodenum) and therefore an elevation in the quantity of 
bicarbonate filtered. The associated volume depletion activates the renin- 
angiotensin—aldosterone system. However, the ability to maximally conserve 
bicarbonate takes several days to develop. As a result, some of the excess 
bicarbonate will be excreted with sodium and potassium, while only chloride 
will be appropriately conserved. The hypokalemia seen with vomiting is pri- 
marily due to increased urinary excretion during this period. The potassium 
concentration in gastric secretions is only from 5 to 10 mEq/L, thereby lead- 
ing to only a modest amount of potassium loss. 

The urinary findings change dramatically after several days if the degree 
of volume and chloride depletion is sufficient to increase net bicarbonate 
reabsorptive capacity to a level that allows essentially all of the filtered bicar- 
bonate to be reabsorbed. In addition to enhanced reabsorption, the fall in 
tubular fluid chloride concentration will diminish the degree of bicarbonate 
secretion, since there is a less favorable gradient for luminal chloride to enter 
the cell and be exchanged for bicarbonate (Fig. 5.5). 

The virtual elimination of bicarbonate from the urine at this time results 
in an acid urine pH that may be as lowas 4.5 to 5.0 (as in the patient described 


TABLE 5.4 


Sequential Changes in Urinary Electrolyte Excretion in Metabolic Alkalosis 
Induced by Vomiting 


Sodium Potassium Chloride Bicarbonate 
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at the beginning of this chapter). This phenomenon is called a paradoxical 
aciduria, since the urine pH should be high in metabolic alkalosis if the 
excess bicarbonate could be excreted. Sodium and potassium can also be 
appropriately conserved in this setting, in which there is no obligatory excre- 
tion with urinary bicarbonate (Table 5.4). 


Treatment 


In most cases, metabolic alkalosis can be corrected by administration of 
sodium chloride, potassium chloride (if the patient is hypokalemic), or hydro- 
gen chloride (used only in patients with renal or cardiac failure). Therapy 
should also be directed against the underlying disease to diminish further 
hydrogen loss. As an example, the administration of an H,-blocker to reduce 
the rate of gastric acid secretion may be beneficial in a patient with contin- 
ued vomiting or nasogastric suction. 

Sodium chloride and, if necessary, potassium chloride constitute the 
mainstays of therapy in patients with metabolic alkalosis due to vomiting, 
nasogastric suction, or diuretic use. This regimen will lower the plasma bicar- 
bonate concentration in three ways: by reversing the contraction component; 
by removing the hypovolemic and hypokalemic stimuli to increased bicarbon- 
ate reabsorption; and by raising the tubular fluid chloride concentration, which 
will promote bicarbonate secretion in the cortical collecting duct (Fig, 5.5). 

The therapeutic efficacy of volume repletion can be assessed at the bed- 
side by monitoring the urine pH. The urine pH will exceed 7.0 and occasionally 
8.0 when volume and chloride replacement are sufficient to allow excretion of 
the excess bicarbonate. Persistently acidic urine, on the other hand, indicates 
a continued elevation in bicarbonate reabsorption and the need for further 
fluid replacement. 

The administration of sodium, potassium, or hydrogen must be given 
with chloride, the only reabsorbable anion. Consider the sequence of changes 
occurring with hydrochloric acid as compared with nitric acid (HNO,). Both 
will initially buffer excess bicarbonate in the extracellular fluid and begin to 
correct the alkalosis: 


HCL + NaHCO, > NaCl + H,CO, —> CO, + H,O 
HNO, + NaHCO, — NaNO, + H,CO,— CO,+ H,O 


However, the events within the kidney will be quite different. As sodium 
chloride is filtered, the sodium can be reabsorbed with the chloride, leading 
to volume expansion, and the increase in distal chloride delivery will promote 
bicarbonate secretion. In comparison, nitrate is a nonreabsorbable anion. 
Thus, sodium reabsorption in the collecting ducts must be accompanied by 
increases in hydrogen and potassium secretion to maintain electroneutrality. 
The net effects are persistence of the alkalosis due to excretion of much of 
the administered acid (as NH,NO,) and exacerbation of the potassium deficit. 
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Edematous States 
The administration of sodium chloride is undesirable in edematous patients, 
since it will lead to more edema formation. Furthermore, congestive heart 
failure and hepatic cirrhosis are such sodium-avid states (see Chapter 4) that 
giving sodium chloride will not appreciably increase bicarbonate excretion. 
Two options are available in this setting. First, hydrochloric acid can 
be given by intravenous infusion. However, this must be done with great 
care, since the highly acid solution is toxic to smaller veins. The simpler and 
preferable option is the administration of the carbonic anhydrase inhibitor 
acetazolamide, which decreases the activity of the Na‘-H* exchanger in the 
proximal tubule. (The role of carbonic anhydrase in this segment is discussed 
above.) The net effect is diminished sodium bicarbonate reabsorption in 
the proximal tubule, thereby promoting the excretion of both sodium and 
bicarbonate. The efficacy of this regimen can again be monitored by measur- 
ing the urine pH, which should exceed 7.0 if bicarbonate excretion is signifi- 
cantly increased. 


CASE DISCUSSION 


The patient presented at the beginning of this chapter has alkalemia with a 
metabolic alkalosis and compensatory respiratory acidosis (vomiting-induced 
metabolic alkalosis with high arterial pH, elevated plasma bicarbonate concentra- 
tion, compensatory rise in PCO,, and hypokalemia). The differential causes are 
listed in Table 5.3 but the history clearly suggests vomiting-induced metabolic 
alkalosis in this case. The gastrointestinal loss of hydrogen is the initiating process 
and the decreased effective volume is necessary to maintain the alkalosis. By the 
time of presentation, the patient is sufficiently volume depleted so that all of the 
excess bicarbonate is reabsorbed in an attempt to prevent further urinary sodium 3. 
losses. As a result, the urine sodium concentration is low (10 mEq/L) and the urine 

pH is paradoxically acidic (5.0). These findings correspond to the late phase in 

Table 5.4. In addition, the hypokalemia results in intracellular acidosis from hydro- 

gen shifts setting in motion mechanisms that increase bicarbonate reabsorption 

and hydrogen secretion. Fluid repletion with sodium chloride and potassium chlo- 

ride will correct the alkalosis by allowing the bicarbonate to be lost in the urine as 
sodium bicarbonate. As this occurs, the urine pH will transiently rise above 7.0. 


ANSWERS TO QUESTIONS 


1 | The four log unit difference between urine pH and the pK, means that the 
ratio of ammonia to ammonium is 1:10,000. 


50=90 + log([NH,]/[NH:]) 
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Thus, virtually all ammonia secreted into the lumen is converted to ammonium. 
The maintenance of a very low concentration of lipid-soluble ammonia promotes 
further ammonia diffusion into the lumen, where it can be trapped as ammonium. 
It is this continued supply of ammonia that allows this system to act as an effec- 
tive “buffer” even though its pK, is so far from the extracellular or urine pH. 

The high urine pK, also means that urinary ammonium is not measured as a 
titratable acid. Adding sodium hydroxide to raise the urine pH from 5.0 back up 
to the plasma level of 7.4 will not convert much ammonium back to ammonia. 
At a pH of 7.4, the ratio of ammonia to ammonium is 1:40 (1.6 log units). Thus, 
there is only 1 mEq of ammonia if there are 40 mEq of ammonium in the urine, 
and only 1 mEq out of 40 will be measured as a titratable acid. At a pH of 5.0, 
there is almost no ammonia. 


E] The activity of the Na*—H* exchanger is limited by the favorable inward 

concentration gradient for sodium, which is about 7:1 in the proximal 
tubule (140 mEq/L in the filtrate vs. about 20 mEq/L in the cells), but much less 
in the collecting ducts since the tubular fluid sodium concentration is so much 
lower. A urine pH of 5.0 (2.4 log units) represents a gradient of over 200:1, much 
greater than the inward gradient for sodium. Thus, an energy-requiring H*-ATPase 
pump is necessary, not passive Na*—H* exchange. 


EJ Buffering of titratable acids and the trapping of ammonium are pH depen- 

dent, and both processes become more efficient as the urine becomes more 
acidic. An inability to lower the urine pH normally from 6 to 4.5 or 5, which is the 
primary defect in distal renal tubular acidosis (see Chapter 6), indicates ~10- to 
30-fold less net excretion. This might prevent the daily acid load from being com- 
pletely excreted, thereby resulting in hydrogen retention and metabolic acidosis. 


4 | The stimulus to increased acid excretion is the fall in intracellular pH induced 

by the systemic acidemia. Once diarrhea stops and the daily hydrogen load 
declines to normal levels, the initially high rate of acid excretion will be greater 
than the rate of production, thereby raising the plasma bicarbonate concentration 
toward normal. This will lead to an elevation in the intracellular bicarbonate con- 
centration (e.g., via the Na*-3HCO, exchanger in the basolateral membrane in 
the proximal tubule). The ensuing increase in intracellular pH constitutes the sig- 
nal to lower the rate of acid excretion. 


E The extracellular pH will be 7.32 with the compensatory hyperventilation, 
but much lower at 7.17 if there were no compensatory hyperventilation 
and the PCO, remained constant: 


7.32=6.10 +log([14 + (0.03 x 28)]) 
7.17=6.10 + log([14 + (0.03 x 40)]) 


6 | Volume depletion will promote the maintenance of metabolic alkalosis by 

minimizing the excretion of the excess bicarbonate in the urine. However, 
volume depletion will cause a metabolic alkalosis (i.e., cause the plasma bicarbon- 
ate concentration to rise) only if the fluid lost is relatively free of bicarbonate, as 
with vomiting or diuretic therapy. Bleeding, on the other hand, results in the loss 
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of bicarbonate-containing plasma, which will not increase the plasma bicarbonate 
concentration. 


The urine pH will tell if the high rate of sodium excretion is due to bicar- 

bonaturia. Note that even at a urine pH of 6, which is similar to the pK, of 
6.1 for the bicarbonate-carbon dioxide system, the concentration of bicarbonate 
in the urine will be roughly equal to that of dissolved carbon dioxide: 0.03 x 40 = 
1.2 mEq/L. This presents a negligible loss of bicarbonate. The urine pH has to be 
much higher, generally above 7.0, before there is a significant degree of bicar- 
bonate wasting in the urine. 
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A 58-year-old man has a massive acute myocardial infarction and presents to 
the hospital in shock. Physical examination reveals that the patient is confused, 
has cool clammy extremities, and is putting out no urine. The blood pressure 
is 80/50, well below his baseline level of 140/95. While being examined, the 
patient has a cardiopulmonary arrest. Mechanical ventilation is begun and a small 
amount of sodium bicarbonate is given to treat the acidemia noted after the 
following blood values are obtained: 


Arterial pH = 7.30 (7.37-7.43) 
PCO, = 32 mmHg (36-44) 
Na = 141 mEq/L (136-142) 
K = 4.5 mEq/L (3.5-5) 

cl = 99 mEq/L (98-108) 
Total CO, = 15 mEq/L (21-30) 


It is assumed that the tissue pH is being relatively well maintained. 
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By the end of this section, you should have an understanding of each 
of the following issues: 


= The normal renal response to an acid load and how this becomes 

è A R 
@ impaired in renal failure. 

A 


m Use of the anion gap in the differential of metabolic acidosis. 

m The difference between measurement of arterial and mixed venous 
pH when tissue perfusion is markedly reduced in lactic acidosis. 

m The general principles involved in the therapy of different types of 
metabolic acidosis, including the mechanism by which bicarbonate 
administration might be deleterious in lactic acidosis. 


Introduction 


Metabolic acidosis is a relatively common clinical disorder character- 
ized by a primary reduction in the plasma bicarbonate concentration, a 
low extracellular pH (or elevated hydrogen concentration), and compen- 
satory hyperventilation, resulting in a fall in the PCO.,, A fall in the plasma 
bicarbonate concentration, however, is not diagnostic of metabolic acidosis, 
since it also results from the renal compensation to chronic respiratory alka- 
losis. In the latter disorder, however, the extracellular pH is elevated, not 
reduced as in metabolic acidosis. 

Two basic mechanisms can lead to metabolic acidosis: increased 
acid production and an impairment in renal acid excretion (Table 6.1). 
This chapter will review the pathophysiologic characteristics of several 
of the most common causes of metabolic acidosis as well as the basic 
principles of therapy in each of these disorders. This will be followed by 
a review of the approach to differential diagnosis with emphasis on the 
anion gap. 

As will be discussed, the plasma bicarbonate concentration can increase 
to normal in metabolic acidosis in one of three ways: 


= Excretion of the excess acid in the urine. 

= Administration of exogenous alkali, most often sodium bicarbonate. 

= In organic acidoses (lactic acidosis and ketoacidosis), metabolism of the 
organic anion during correction of the underlying disorder results in the 
regeneration of bicarbonate. With lactate, for example, 


Lactate + 30, > 2CO,+ 2H,0 + HCO; (Eq. 1) 
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TABLE 6.1 


Major Causes of Metabolic Acidosis 


Increased acid production 
A. Lactic acidosis 
B. Ketoacidosis, most often due to uncontrolled diabetes mellitus 
C. Ingestions 
1. Aspirin 
2. Ethylene glycol, a component of antifreeze and solvents 
3. Methanol (wood alcohol), a component of shellac and de-icing solutions 
C. Loss of bicarbonate 


1. Gastrointestinal—diarrhea, pancreatic, biliary or intestinal fistulas, 
ureterosigmoidostomy 


2. Renal—type 2 (proximal) renal tubular acidosis 
Decreased acid excretion 
A. Renal failure—decreased NH; excretion 
B. Type 1 (distal) renal tubular acidosis 


C. Type 4 renal tubular acidosis (hypoaldosteronism) (discussed in 
Chapter 7) 


Decreased Acid Excretion 


As described in Chapter 5, metabolism of dietary foodstuffs (particularly 
sulfur-containing amino acids) results in the generation of 50 to 100 mEq of 
acid each day on a regular diet. This acid is then excreted in the urine as 
ammonium and titratable acidity. If the acid load is increased, the renal 
response is to increase acid excretion, primarily as ammonium (Fig. 6.1). 

Metabolic acidosis due to an inability to excrete the daily acid load 
most commonly occurs in patients with acute (recent onset) or chronic 
renal failure. Although type 1 (distal) and type 2 (proximal) renal tubular 
acidoses (RTA) are relatively rare conditions, a brief review of their patho- 
physiology helps to illustrate the different ways in which the acid secretory 
process can be impaired and the implications that these defects have for 
treatment of acidemia. See Table 6.2 for an overview of the clinical features 
of RTA. Type 4 RTA (hypoaldosteronism) will be discussed in Chapter 7, 
since hyperkalemia rather than metabolic acidosis is the most prominent 
finding. 
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FIGURE 6.1. Effect of an acid load on the plasma bicarbonate concentration 
(left panel) and urinary ammonium excretion (right panel) in normal subjects 
(squares) and patients with renal failure (circles). Normal subjects show a 
fourfold increase in ammonium excretion with a fall in the plasma bicarbonate 
concentration from 27 down to 22 mEq/L. The patients with renal failure began 
with a low plasma bicarbonate concentration of 21 mEq/L but excreted less 
ammonium than did the normal subjects prior to the acid load. The administra- 
tion of acid produced a much smaller rise in ammonium excretion in renal failure. 


TABLE 6.2 


Overview of Renal Tubular Acidosis 


Type 4— 
Type 1—Distal Type 2—Proximal (See Chapter 7) 

Basic Impaired distal Diminished proximal Aldosterone 
abnormality acidification bicarbonate resistance or 

reabsorption deficiency 
Urine pH 253 Variable; >5.3 if <5.3 

above reabsorption 

threshold 
Plasma Variable; can be Usually 14-20 mEq/L Usually 
bicarbonate <10 mEq/L >15 mEq/L 
Plasma Usually reduced Normal or reduced Elevated 
potassium or normal, but 


can be elevated 


Complications Nephrocalcinosis, Rickets or None 
renal stones osteomalacia 
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Renal Failure 


The loss of functioning nephrons in progressive kidney disease requires an 
adaptation in tubular function to maintain acid-base balance. Initially, net 
acid excretion is maintained by increased ammonium excretion per func- 
tioning nephron. The presumed signal for this response is a slight fall in the 
plasma bicarbonate concentration producing a reduction in pH first in the 
extracellular fluid and then intracellularly in the remaining functioning renal 
tubular cells. 

However, total ammonium excretion begins to fall below the level 
required to maintain acid-base balance once the glomerular filtration rate is 
<40 mL/min (normal is 85 to 120 mL/min). As a result, a part of the acid load 
is retained each day: Some of these hydrogen ions are buffered by bicarbon- 
ate, lowering the plasma bicarbonate concentration. However, most of the 
retained acid is buffered in the cells and bone. 

Figure 6.1 illustrates the difference in urinary ammonium excretion 
between normal subjects and those with renal failure. The patients with 
renal failure began at baseline with a mild metabolic acidosis (plasma 
bicarbonate concentration equals 21 mEq/L) that is associated with a lower 
rate of ammonium excretion than that seen in normal subjects (Fig. 6.1, 
baseline values). After administration of an oral acid load, the differences 
in ammonium excretion are much more pronounced (25 vs. 160 mEq/day). 
If, however, total ammonium excretion is divided by the GFR (a rough index 
of the number of functioning nephrons), then ammonium excretion per func- 
tioning nephron is increased to a similar degree in the two groups. Thus, the 
impaired acid excretion in renal failure is due to too few functioning nephrons, 
rather than due to a defect in tubular function. 

Other aspects of renal acid excretion are generally intact in renal failure. 
The urine pH is usually below 5.3, suggesting that the distal nephron can 
secrete hydrogen ions and maintain a high pH gradient; the limitation in net 
acid excretion results from the lack of availability of ammonia as a buffer. 


In the face of reduced net ammonium excretion, why doesn't 
the kidney adapt itself by increasing acid excretion as titratable 
acidity? 


Treatment 


The metabolic acidosis in chronic renal failure generally produces few overt 
symptoms, since the efficiency of bone and cell buffering maintains the 
plasma bicarbonate concentration between 12 and 20 mEq/L. However, 
these buffering processes may have adverse long-term effects, leading to 
loss of bone minerals (due to the release of bone calcium as hydrogen ions 
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are buffered by bone carbonate [CO}-]) and to breakdown of muscle pro- 
teins. Furthermore, the increase in ammonium production per nephron may 
enhance the rate of progressive renal injury (see Chapter 11). As a result, 
sodium bicarbonate is often used to partially correct the metabolic acidosis 
of chronic renal failure. 


What is the maximum amount of bicarbonate that would 
need to be given each day to prevent hydrogen retention in 
renal failure? 


Type 1 Renal Tubular Acidosis 


In type 1 (distal) RTA, the decrease in net acid excretion results from an 
inability to lower the urine pH below 5.5 to 6.0, rather than from diminished 
ammonium production (see Table 6.2). The higher urine pH (meaning that 
fewer free hydrogen ions are present) reduces the efficiency of both hydrogen 
buffering by titratable acids and ammonia trapping in the tubular lumen as 
ammonium. 

Four different mechanisms can account for the decreased hydrogen 
secretion in the collecting ducts in this disorder (see Fig. 5.2 for a model of 
distal acidification): 


= Direct impairment of the apical membrane H'-ATPase pump through a 
number of acquired or genetic defects. 

= Mutations in the basolateral chloride—bicarbonate exchanger that reduced 
the return of bicarbonate to the circulation (see Fig. 5.2) also result in type 
1 RTA. 

= Increased permeability of the apical membrane or tight junction (from 
medications or local injury), thereby allowing the back-diffusion of hydro- 
gen ions out of the tubular lumen down a very favorable concentration 
gradient. As an example, the hydrogen concentration in the tubular lumen 
is 200 times higher than that in the extracellular fluid when the urine pH is 
5.1 (2.3 pH units lower than the extracellular fluid). 

= Decreased sodium reabsorption in the adjacent principal cells in the 
cortical collecting duct. The normal reabsorption of cationic sodium cre- 
ates a lumen-negative electrical potential that promotes the retention of 
secreted hydrogen ions in the lumen and the secretion of potassium. Thus, 
impaired sodium reabsorption promotes retention of H* leading to meta- 
bolic acidosis and impaired potassium secretion. 


Serum potassium concentration is usually low (hypokalemia) due to 
urinary potassium losses in patients with H'-ATPase defects or increased 
hydrogen ion permeability from back-leak. However, impaired sodium 
reabsorption results in metabolic acidosis and, due to decreased urinary 
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potassium excretion, an elevation in the plasma potassium concentration 
(hyperkalemia). The presence of type 1 RTA should be suspected in any 
patient with an otherwise unexplained normal anion gap metabolic acido- 
sis (see below) and a urine pH that is persistently above 5.5. Serum potas- 
sium concentration can be normal, low, or elevated depending upon the 
mechanism of impairment. The principles of therapy are similar to those in 
chronic renal failure; that fraction of the daily acid load that is not excreted 
must be buffered by exogenous bicarbonate. 


Type 2 Renal Tubular Acidosis 


An entirely different defect is present in type 2 (proximal) RTA (Table 6.2). 
This disorder is characterized by an impairment in proximal bicarbonate 
reabsorption, initially leading to bicarbonate loss in the urine. This find- 
ing, however, is transient. Suppose that bicarbonate reabsorptive capacity 
is reduced from the normal level of approximately 26 mEq/L (see Fig. 5.3) 
down to 17 mEq/L. Filtered bicarbonate will be lost in the urine until the 
plasma bicarbonate concentration falls to 17 mEq/L. At this point, all of the 
filtered bicarbonate can now be reabsorbed and the patient is able to excrete 
the daily acid load. In other words, a new steady state is present in which the 
patient is similar to normal (acid in equals acid out) except that the plasma 
bicarbonate concentration is reduced by 9 mEq/L. Thus, type 2 RTA is a 
self-limiting disorder. Nevertheless, the resulting acidemia can contribute to 
bone mineral loss and the development of Rickets in children and osteoma- 
lacia in adults. 

The defect in type 2 RTA does create a problem for therapy. As soon as exog- 
enous alkali raises the plasma bicarbonate concentration, the filtered bicar- 
bonate load will exceed the reabsorptive capacity and most of the bicarbonate 
will be lost in the urine. Thus, very high doses have to be given (10 to 15 mEq/kg 
per day) to stay ahead of bicarbonate losses and to correct the acidemia. 


Increased Acid Generation 


The development of acidemia is gradual in renal failure or type 1 RTA, since 
it is induced by the retention of some fraction of the 50 to 100 mEq daily acid 
load that is not excreted. In contrast, acute and severe metabolic acidoses 
can occur when there is a marked increase in acid production (Table 6.1). 
As an example, exercising to exhaustion can, within a period of minutes, 
enhance lactic acid production, reducing the plasma bicarbonate concen- 
tration to as low as 5 mEq/L in some cases, with the arterial pH falling to as 
low as 6.80. There are two major mechanisms of increased acid generation 
leading to metabolic acidosis. These are divided into processes that reduce 
bicarbonate and chloride concentrations (anion gap acidosis) and processes 
in which the bicarbonate concentration is reduced, but chloride becomes 
elevated (hyperchloremic metabolic acidosis). See Figure 6.2. 
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FIGURE 6.2. Balance of Anions and Cations in the Development of 
Metabolic Acidosis. The left panel shows the normal state with the sum of 
chloride+bicarbonate plus unmeasured anions (predominantly albumin) making 
up the gap. The middle panel shows that addition of H* with Cl or loss of bicar- 
bonate will lead to acidosis but the increase in Cl results in no change to the 
anion gap. The right panel shows development of acidosis through the genera- 
tion or retention of H* with a different anion (lactate, for example) leading to an 
increase of the anion gap. 


Anion Gap in Diagnosis of Metabolic 
Acidosis due to Increased Acid Generation 


The etiology of metabolic acidosis is often evident from the history and rou- 
tine laboratory data [such as a chronic elevation in the plasma creatinine 
concentration in renal failure; or hyperglycemia, ketonuria, and ketonemia 
in diabetic ketoacidosis (DKA)]. In addition, calculation of the anion gap 
is a routine part of the evaluation of such a patient because it divides the 
different causes in Table 6.1 into two categories: a high and a normal anion 
gap metabolic acidosis (Table 6.3). 

The anion gap is equal to the difference between the plasma concentra- 
tions of the major cation (sodium) and the major measured anions (chloride 
and bicarbonate) See Fig. 6.2: 


Anion gap = | Na+] — ([CF] + [HCO;]) (Eq. 2) 


The approximate normal values for these ions are 140, 108, and 
24 mEq/L, respectively, leading to a normal anion gap of 6 to 10 mEq/L. The 
negative charges on the plasma proteins (particularly albumin) comprise 
most of this anion gap, as the charges on the other cations (potassium, cal- 
cium, and magnesium) and anions (phosphate, sulfate, and organic anions 
such as lactate and urate) tend to balance out (see Fig. 6.2). 

The normal value for the anion gap must be adjusted downward in 
the presence of hypoalbuminemia. The approximate correction factor is 
a reduction in the anion gap of 2.5 mEq/L for every 1.0 g/dL reduction in 
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TABLE 6.3 


Major Causes of Metabolic Acidosis According to the Anion Gap 
Increased anion gap* 
A. Advanced renal failure—phosphate, sulfate, urate, hippurate 
B. Lactic acidosis—lactate both L- and D-lactate 
C. Ketoacidosis—$-hydroxybutyrate 
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D. Ingestions 
1. Aspirin—ketones, lactate, salicylate 


2. Ethylene and propylene glycol—glycolate, oxalate (found in anti- 
freeze and in solvent for some intravenous medications, respectively) 


3. Methanol—formate 
4. Paraldehyde—organic anions 
5. Pyroglytamic (5'-oxoproline) acidemia associated with acetaminophen use 
E. Massive rhabdomyolysis (severe muscle injury) 
Normal anion gap or hyperchloremic metabolic acidosis 


A. Renal bicarbonate loss—type 2 (proximal RTA)—hereditary, drug 
associated (ifosfamide, tenofivir) or malignancy associated (multiple 
myeloma) 


B. Gastrointestinal loss of bicarbonate—diarrhea 


C. Renal dysfunction 
1. Some cases of chronic renal failure 


2. Type 1 (distal RTA) drugs, amphotericin, lithium, Sjogren syndrome, 
hypercalciuria 


3. Type 4 RTA (hypoaldosteronism; see Chapter 7) 
D. Ingestions 

1. Ammonium chloride 

2. Toluene; hippurate 

3. Some hyperalimentation fluids 


The substances after the dash represent the major retained anions in the increased 
anion gap acidosis. 


the plasma albumin concentration (normal equals 4 to 4.5 g/dL). The fac- 
tors that can affect the anion gap can be more easily appreciated if Eq. 2 is 
rewritten. In addition to being equal to the difference between measured cat- 
ions and anions, the anion gap is also equal to the difference between the 
unmeasured anions and cations: 


Anion gap = unmeasured anions — unmeasured cations 
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A clinically significant increase in anion gap is almost always due to a 
rise in the concentration of unmeasured anions. This can be induced by a 
high plasma albumin concentration (resulting from hemoconcentration 
in hypovolemic subjects) or, more commonly in metabolic acidosis, to the 
accumulation of a variety of different anions (such as lactate). In theory, an 
elevated anion gap can also be produced by a fall in unmeasured cations (as 
in hypocalcemia, hypokalemia, or hypomagnesemia); however, these cations 
are normally present in relatively low concentrations and a reduction in con- 
centration only raises the anion gap by 1 to 3 mEq/L. 

In addition to hypoalbuminemia resulting in a lower anion gap, the 
accumulation of unmeasured cations will have a similar effect. With hyper- 
calcemia, hyperkalemia, and hypermagnesemia, the gap will be reduced, and 
this can also be seen with lithium intoxication and in some cases of multiple 
myeloma that produce cationic paraproteins. 

These relationships can be applied to the different causes of metabolic 
acidosis, in which the excess acid is rapidly buffered by extracellular bicar- 
bonate. If the acid is HCI, then 


HCI+ NaHCO, — NaCl + H,CO, — CO,+ H,O (Eq. 3) 


(Refer to Chapter 5, Eq. 4 for the description of H,CO,— CO, + H,O.) 

With the addition of HCl, there is a mEq-for-mEq replacement of 
extracellular bicarbonate by chloride. As a result, there is no change in the 
anion gap, since the sum of the chloride and bicarbonate concentrations 
is unchanged and there is no change in the concentration of unmeasured 
anions (see Fig. 6.2). This disorder is called a normal anion gap or, due to the 
elevation in the plasma chloride concentration, a hyperchloremic acidosis. 

Gastrointestinal or renal loss of sodium bicarbonate (as with diarrhea or 
type 2 RTA) indirectly produces the same result (see Table 6.3). Volume deple- 
tion induced by the sodium loss activates sodium-retaining mechanisms 
such as the renin—-angiotensin—aldosterone system. The ensuing sodium 
chloride retention results in the net exchange of chloride for bicarbonate and 
no increase in the anion gap. 

On the other hand, if hydrogen ions accumulate with any anion other 
than chloride, extracellular bicarbonate will be replaced by an unmeasured 
anion (A_) (Table 6.3): 


HA+ NaHCO, — NaA+H,CO,— CO,+H,O (Eq. 4) 


In this setting, the accumulation of A~ leads to an elevation in the anion 
gap. In the absence of an ingestion or chronic renal failure, an anion gap 
above 25 mEq/L (15 mEq/L above normal) in a patient with metabolic acido- 
sis is almost always due to lactic acidosis or ketoacidosis. Lesser elevations 
also point to these disorders, but the diagnostic accuracy is not as high since 
other unmeasured anions may accumulate. 
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Furthermore, the distinction between a normal and a high anion gap 
acidosis is not always absolute. Patients with diarrhea, for example, typi- 
cally develop a normal anion gap acidosis. However, the anion gap may begin 
to rise if the diarrhea is severe due to hemoconcentration (which raises 
the plasma albumin concentration) and concurrent lactic acidosis (due to 
hypoperfusion). 


Lactic Acidosis 


Lactic acid is derived from the metabolism of pyruvic acid in a reaction cata- 
lyzed by the enzyme lactate dehydrogenase and involving the conversion of 
NADH into NAD*. Normal subjects produce 15 to 20 mmol/kg of lactic acid 
per day. However, the normal plasma lactate concentration is only 0.5 to 
1.5 mEq/L, since almost all lactate produced is converted in the liver and, to 
a lesser degree, in the kidney to glucose (via the gluconeogenetic pathways) 
or back to pyruvate and then to carbon dioxide and water. Excess lactate 
can accumulate when there is increased lactate production and/or reduced 
lactate utilization. Lactic acidosis (defined as a plasma lactate concentra- 
tion above 4 to 5 mEq/L) occurs when tissue oxygen delivery is reduced well 
below tissue needs. This can occur in settings such as maximal exercise or 
during a grand mal seizure, but is most often due to hypovolemic, septic, or 
cardiogenic shock. In these settings, pyruvate is preferentially converted to 
lactate and the reduction in hepatic and renal perfusion then minimizes the 
rate of lactate utilization, since as noted in Eq. 1, lactate metabolism requires 
the presence of oxygen. 


Arterial versus Mixed Venous pH 


In most clinical conditions, the extracellular pH is measured from an arte- 
rial blood specimen, although carefully drawn venous blood can also be 
used. (The normal values are listed in Table 5.1.) It is assumed that the values 
obtained reflect those present in the tissues. Cardiovascular collapse repre- 
sents the one clinical setting in which this assumption is not correct, because 
the often marked reduction in pulmonary blood flow leads to hypercapnia 
(increased PCO,) in central venous blood. This problem can be illustrated in 
Table 6.4, which depicts simultaneously drawn arterial and mixed venous val- 
ues in patients undergoing cardiopulmonary resuscitation. As can be seen, 
the results from arterial blood suggest that the pH is being well maintained; 
in comparison, there is a dramatic mixed venous acidemia due mostly to a 
much higher PCO, in venous blood. 

This difference can be explained in the following way. The below normal 
PCO, (32 mmHg) in arterial blood indicates that only that blood entering 
the pulmonary circulation is cleared of much of the carbon dioxide that it 
contains. However, total CO, removal is diminished in this setting because 


n 
T 
[e] 
= 
S] 
< 
© 
© 
E= 
© 
£ 
= 
o 
[ag 
Lu 
= 
a 
< 
T 
U 


164 Renal Pathophysiology: The Essentials 


TABLE 6.4 


Simultaneously Obtained Arterial and Mixed Venous Blood Values During 
Cardiopulmonary Resuscitation 


pH PCO, (mmHg) [HCO, ] (mEq/L) 
Arterial 7.41 32 20 
Mixed venous VAS 74 24 


of the marked reduction in total blood flow. Thus, some of the metabolically 
produced CO, accumulates in the tissues, raising the mixed venous PCO,,. 
The net effect is that arterial blood may give a misleading estimate of the 
state of acid-base balance, and this defect becomes more prominent over 
time. Furthermore, this problem may be exacerbated by the administration 
of sodium bicarbonate (next section). 


The Role of Bicarbonate in the Treatment 
of Lactic Acidosis 


The primary goal of therapy in lactic acidosis is the restoration of normal 
tissue perfusion by, for example, fluid administration in hypovolemic shock. 
The attainment of adequate oxygenation will allow lactate to be metabolized, 
thereby regenerating bicarbonate and correcting the acidemia (see Eq. 1). 

Some patients, however, have severe acidemia with an arterial pH below 
7.15. In this setting, it has been proposed that the acidemia itself might cause 
both myocardial depression and systemic vasodilatation, further reducing 
oxygen delivery. As a result, raising the extracellular pH by the administra- 
tion of bicarbonate might directly improve cardiovascular function and 
tissue perfusion. 

However, both experimental and human studies have suggested that 
bicarbonate therapy is often relatively ineffective in lactic acidosis, produc- 
ing only a transient elevation in the plasma bicarbonate concentration and 
possibly worsening the intracellular acidosis. The inability to raise the pH in 
this setting appears to be due in part to an associated increase in net lactic 
acid production that counterbalances the effect of the added bicarbonate. 

How this might occur is related to the above discussion on the impor- 
tance of tissue CO, accumulation induced by the reduction in pulmonary 
blood flow. Buffering of excess acid by exogenous bicarbonate generates 
more CO, potentially worsening the mixed venous acidemia: 


HCO; + H* > CO, + H,O 
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This rise in PCO, also intensifies the intracellular acidosis, since CO, is 
lipid soluble and rapidly diffuses into the cells. The fall in intracellular pH in 
cardiac cells can decrease cardiac contractility, further reducing tissue per- 
fusion and increasing lactic acid production. In addition, lactate utilization 
will be diminished as the intracellular acidosis diminishes hepatic lactate 
utilization. 

These findings make the optimal therapy of lactic acidosis uncertain. 
Many physicians feel that there is little indication for sodium bicarbonate 
therapy, particularly during cardiopulmonary arrest. Other physicians, how- 
ever, give small amounts of sodium bicarbonate to maintain the arterial 
pH above 7.15; the mixed venous pH should be monitored in this setting, 
if possible. 


The administration of a solution containing sodium carbonate 

(Na,CO,) may be more effective than sodium bicarbonate in 

lactic acidosis. Consider the buffering reaction for carbonate to 
EJ explain why this might occur. 


Diabetic Ketoacidosis 


From an acid-base viewpoint, DKA shares a number of similarities with lactic 
acidosis. Both disorders are due to increased endogenous acid production. 
In DKA, the combination of insulin deficiency and glucagon excess leads to 
increased hepatic synthesis of ketoacids, particularly B-hydroxybutyric acid 
and to a lesser degree acetoacetic acid. Two factors are required for increased 
ketoacid production: 


= The delivery of the precursor-free fatty acids to the liver must be increased. 
This effect is due to enhanced lipolysis, which is primarily mediated by low 
insulin levels, thereby removing the normal antilipolytic action of insulin. 

= Hepatic metabolism must be altered so that fatty acyl CoA is metabolized 
to ketoacids (a mitochondrial process) rather than to triglycerides (a cyto- 
solic process). The rate-limiting step in ketoacid synthesis is the entry of 
fatty acyl CoA into the mitochondria, which is regulated by the cytosolic 
enzyme carnitine palmitoyl transferase. The activity of this enzyme is 
indirectly enhanced by the high glucagon levels in DKA, thereby allowing 
ketogenesis to proceed. 


The acidemia may be severe but, as in lactic acidosis, is largely reversible 
by treatment of the underlying disorder. The administration of insulin stops 
further ketoacid synthesis and allows the excess ketoacids to be metabolized. 
The metabolism of ketoacid anions, as with lactate and other organic anions, 
results in the regeneration of bicarbonate and spontaneous correction of the 
acidemia. 
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Some of the excess ketoacid anions in DKA are excreted in the 
urine. Documentation of ketonuria (with a dipstick) is part of 
the way in which the diagnosis is confirmed. What effect will 


these urinary losses have on the correctibility of the acidemia 
following insulin administration? 


Salicylate Intoxication 


Aspirin (acetylsalicylic acid) is rapidly converted into salicylic acid in the 
body. Most patients begin to show signs of intoxication [such as tinnitus 
(ringing in the ears), vertigo, and nausea] when the plasma salicylate level 
exceeds 40 to 50 mg/dL, well above the therapeutic range of 20 to 35 mg/ 
dL. Increasing doses of aspirin produce a progressively greater risk of toxicity 
because of saturation of protein-binding sites on albumin. As a result, more 
drug remains in the physiologically active unbound form. 

There are two major acid-base disturbances that can occur in this set- 
ting: respiratory alkalosis due to direct stimulation of the respiratory center 
and metabolic acidosis due to interference with oxidative metabolism, lead- 
ing to the accumulation of organic acids such as lactate and ketoacids. 

The more serious neurologic toxicity of salicylates, including seizures 
and death, is related to the cerebral tissue salicylate concentration. Thus, a 
reduction in the brain level is the first goal of therapy. 


The distribution of both the lipid-soluble salicylic acid (HS) 
and the lipid-insoluble salicylate anion (S-) between the brain 
and the extracellular fluid is depicted in Figure 6.3. How can 
you manipulate the reaction—H* + S- <> HS—so that the total 


cerebral accumulation of salicylate is diminished? The pK, for 
this reaction is 3.0: 


pH = 3.0 + log ([S-] + [HS]) 


How would you use the same principle to maximize the rate of salicylate 
excretion in the urine? 


Diarrhea 


The intestinal fluids below the stomach, including pancreatic and biliary 
secretions, are relatively alkaline with a net base concentration of 50 to 
70 mEq/L. As a result, diarrhea or the loss of pancreatic or biliary secre- 
tions can lead to metabolic acidosis. For each mole of bicarbonate lost, 
there is retention of equivalent amount of hydrogen ions. This is analogous 
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Brain cell Extracelluar fluid 
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FIGURE 6.3. Schematic representation of the equilibrium distribution of sali- 
cylic acid (HS) and salicylate (S-) between the extracellular fluid and the brain 
cell. HS is lipid-soluble and has an equal concentration in both the compartments. 
In comparison, S- is charged and does not achieve equal concentrations across the 
cell membrane. Since the pK, is 3.0, almost all of the total salicylate in both the 
compartments exists as the salicylate anion. By increasing extracellular fluid pH, 
there is a shift in equilibrium toward salicylate. The resulting lower HS levels in the 
extracellular fluid favor diffusion out of the brain cell. Similar effects occur with 
urinary alkalinization, permitting increased excretion. 


to retention of HCl (see Eq. 3) and demonstrates that the buffering of the 
retained hydrogen ion with bicarbonate leads to increased chloride concen- 
trations. This can also occur with surreptitious laxative abuse, which should 
be considered in any patient with an otherwise unexplained normal anion 
gap metabolic acidosis. 


Treatment 


Alkali therapy is indicated only in patients with moderate to severe meta- 
bolic acidosis and continuing fluid loss. In theory, the quantity of bicarbon- 
ate required to normalize the plasma bicarbonate concentration can be 
estimated from the following equation: 


Bicarbonate deficit = Deficit per liter X volume of distribution 
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The volume of distribution (or bicarbonate space) is normally about 50% 
of lean body weight, but it is not a constant value. The bicarbonate space 
increases 60% to 70% as acidosis worsens due to buffering from nonbicar- 
bonate buffers. Fifty to one hundred milliequivalents of sodium bicarbon- 
ate is usually given in intravenous boluses, and the effect on the plasma 
bicarbonate concentration is monitored. In general, alkali therapy can be 
discontinued once the plasma bicarbonate concentration exceeds from 12 to 
15 mEq/L unless the intestinal fluid losses continue or the patient has under- 
lying renal disease. In the latter setting, spontaneous renal correction of the 
acidemia via increased ammonium excretion is less likely to occur. 


Urine Anion Gap 


The urine anion gap follows the same principles of the serum anion gap 
described above, and may be helpful diagnostically in some cases of normal 
anion gap acidosis. The major measured cations and anions in the urine 
are sodium, potassium, and chloride. Urinary bicarbonate and ammonium 
concentrations are not readily measurable. Analogous to Eq. 2, 


Urine anion gap = ([Na*] + [K*]) — [CL] (Eq. 5) 
Urine anion gap = unmeasured anions — unmeasured cations 


In normal subjects excreting between 20 and 40 mEq of ammonium per 
liter, ammonium (NH}) is the major unmeasured urinary cation, and the 
urine anion gap typically has a positive value or is near zero. With metabolic 
acidosis, however, the excretion of NH; (and of chloride to maintain electro- 
neutrality) should increase markedly resulting in a strongly negative value of 
-20 to -50 mEq/L. The negative value occurs from the high levels of chloride 
that now exceed the sum of sodium and potassium. In comparison, the aci- 
demia of renal failure and for distal RTA is primarily due to impaired NH} 
excretion, and the urine anion gap typically retains its positive value (Fig. 6.4). 

Although helpful for distinguishing gastrointestinal from renal causes of 
normal anion gap acidosis, there are two circumstances in which the urine 
anion gap cannot be used. The first is in the presence of a high anion gap aci- 
dosis, where the excreted unmeasured anion (such as ketoacidosis) will coun- 
teract the effect of the NH}. The second circumstance is volume depletion with 
avid sodium retention that will impair distal acidification (as discussed earlier). 


Anion Gap in Renal Failure 


It is important to emphasize that the increase in unmeasured anions with 
a high anion gap is only a clinical tool; it is the excess hydrogen ion, not the 
anion, that is responsible for the fall in the plasma bicarbonate concentration. 
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120 


NH excretion (mEq/L) 


-100 -50 0 50 100 
Urine anion gap (mEq/L) 


FIGURE 6.4. The relationship between the urine anion gap and the rate of NH; 
excretion in patients with metabolic acidosis due to diarrhea (green circles) and 
in patients with impaired urinary acidification due to type 1 or 4 renal tubular 
acidosis (red circles). 


This principle can be appreciated by considering the sequence of events 
initiated by the generation of sulfuric acid (from the metabolism of dietary 
proteins) in a patient with renal failure. The acid is rapidly buffered by bicar- 
bonate and other buffers leading to the formation of sodium sulfate: 


H,SO, + 2NaHCO, > Na,SO,+ 2H,CO,—> 2CO, + 2H,O 


To maintain the steady state, both the hydrogen ions and sulfate must 
be excreted in the urine. Hydrogen excretion occurs primarily through 
ammonium production (Chapter 5), a tubular function. The excretion of sul- 
fate is determined by the difference between filtration and some degree of 
tubular reabsorption. With renal failure, there are usually parallel impair- 
ments in both glomerular and tubular function resulting in retention of both 
hydrogen and sulfate ions. This results in an increased anion gap. However, 
in some causes of renal failure, tubular impairment exceeds the changes in 
glomerular filtration. In this setting, both hydrogen secretion and sulfate 
reabsorption will be decreased, resulting in normal sodium sulfate excretion 
in the urine. Sodium chloride is reabsorbed to prevent sodium depletion, 
and the net effect is hydrogen and chloride retention and a normal anion 
gap acidosis. 
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Although measurement of the anion gap is usually one of the first steps 
in the diagnostic process, determining the cause of a high anion gap meta- 
bolic acidosis requires further information. The history and physical exami- 
nation are often helpful, possibly revealing that the patient is in shock, has 
poorly controlled diabetes mellitus, or has a history of chronic renal failure. 
Measurement of plasma and urinary ketones, plasma lactate, the plasma cre- 
atinine concentration, or performing a screen for ingested aspirin, methanol, 
or ethylene glycol all may be indicated in patients in whom the diagnosis is 
not apparent. 


A chronically ill patient develops a high fever, shaking chills, 
6| hypotension, and severe acidemia with the following arterial 


values: 
Na* = 140 mEq/L 
K+ = 4.6 mEq/L 
cl = 115 mEq/L 
HCO, = 12 mEq/L 
pH = 7.10 
PCO, = 40 mmHg 
Albumin = 1.5 g/dL 


What is the acid-base disturbance? The clinical picture suggests lactic 
acidosis but the physicians are confused by the anion gap of 13 mEq/L that 
is only a few mEq/L above the normal despite a 12-mEq/L reduction in 

the plasma bicarbonate concentration. How can you explain this seeming 
discrepancy? 


SUMMARY 


Metabolic acidosis results from net hydrogen ion accumulation and can result 
from decreased renal hydrogen ion excretion (RTA and renal failure) or from 
increased hydrogen ion production (Tables 6.1 and 6.2). Increased acid pro- 


duction occurs from two basic mechanisms: loss of bicarbonate through 
gastrointestinal or renal losses (diarrhea and type 2 RTA) that results in 
hyperchloremic metabolic acidosis, and acid generation associated with an 
unmeasured anion (ketoacids, lactic acids, and ingestions) that results in 
increased anion gap acidosis (Table 6.3). 


CHAPTER 6 Metabolic Acidosis 171 


CASE DISCUSSION 


The patient presented at the beginning of the chapter has metabolic acidosis 

with an elevated anion gap of 27 mEq/L. In the setting of a cardiopulmonary 
arrest, lactic acidosis is almost certainly the underlying cause. There are, however, 

two problems with the patient's management. First, the assumption is that the 
tissue pH is being well maintained because the arterial pH is 7.30. There isa good «© 
chance that the mixed venous pH is much lower due to the reduction in pulmo- b 
nary blood flow in this setting (see Table 6.4). Secondly, bicarbonate therapy is _ 
not indicated in almost any form of metabolic acidosis when the arterial pH is 

so minimally reduced. It may actually be deleterious during a cardiopulmonary 
arrest, since the carbon dioxide generated as excess hydrogen ions buffered 

by the administered bicarbonate may exacerbate the tissue and presumed 
intracellular acidosis. 


1) Titratable acidity is limited by the rate of excretion of available buffers, par- 
ticularly monobasic phosphate (HPO? ). Phosphate excretion is primarily 
regulated by the state of phosphate balance, and although there is a mild increase 
in metabolic acidosis, the buffering capacity is determined by the filtered amount. 
Thus, enhanced titratable acidity can make only a limited contribution to acid 
excretion if ammonium formation is reduced. 


Patients with renal failure are unable to excrete some fraction of the 
daily acid load. The maximum alkali requirement would occur if none of 
this acid could be excreted; this is equal to the average acid load of 50 to 100 
mEq/day. 
EJ Na,CO, dissociates into 2Na + CO3°. The initial buffering reaction for car- 
bonate CO,’ (1) generates bicarbonate rather than CO, (compare with the 
bicarbonate equation in Chapter 5, Eq. 4): 


H*+CO2 —> HCO; +H* > CO,+H,O 


Thus, there will be less CO, generation than with bicarbonate administration, 
thereby minimizing tissue CO, accumulation and possible worsening of the intra- 
cellular acidosis. However, animal studies of myocardial defibrillation have not 
found improvements in myocardial cell pH with administration, probably due to 
continued CO, production in the defibrillating cells. 
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| 4 | Ketoacid anions, such as B-hydroxybutyrate, are primarily excreted with 

one of four cations: hydrogen, ammonium, sodium, and potassium. 
Excretion of the hydrogen or ammonium salt results in the loss of the acid as well 
as the anion, thereby correcting the acidosis. In contrast, excretion of the sodium 
or potassium salt results in the loss of “potential bicarbonate," since metabolism 
of the anion after insulin administration would have regenerated bicarbonate lost 
in the initial buffering of B-hydroxybutyric acid. As a result, the degree of nor- 
malization of the plasma bicarbonate concentration by insulin is limited by the 
quantity of ketoacid anion excreted. 


5 | In patients with an arterial pH below 7.40, the administration of bicarbon- 
ate to raise the pH to above 7.45 (thereby lowering the hydrogen concen- 
tration) will drive the reaction 


H*+S-<> HS 


to the left. The reduction in the concentration of lipid-soluble HS in the extracel- 
lular fluid will promote the passive diffusion of HS out of the brain. Similar consid- 
erations apply to the urine. Water reabsorption will raise the HS concentration in 
the tubular lumen, promoting passive movement back into the extracellular fluid. 
Alkalinization of the urine will minimize back-diffusion by converting HS into the 
lipid-insoluble salicylate anion. 


6| The acid-base disturbance is a mixed metabolic and respiratory acidosis. 

Although the PCO, is at the “normal” level of 40 mmHg, this value is 
normal only at a plasma bicarbonate concentration of 24 mEq/L. Recall that com- 
pensation for primary processes will not correct to normal, so identifying a normal 
PCO, indicates a primary respiratory acidosis. At the plasma bicarbonate concen- 
tration of 12 mEq/L in this patient, there should be compensatory hyperventila- 
tion resulting in a PCO, of approximately 26 mmHg (see Table 5.2, which lists the 
expected compensations in the different acid-base disorders). The pH would be 
much better protected at 7.27 if this had occurred. 

The anion gap of 13 mEq/L seems to be only slightly elevated because it 
is assumed that the baseline anion gap in this patient is 9 mEq/L as in normal 
subjects. However, this patient has marked hypoalbuminemia, thereby decreasing 
the concentration of unmeasured anions. At a correction factor of 1.5 mEq/L for 
each 1-g/dL fall in the plasma albumin concentration, this almost 3-g/dL reduc- 
tion should lower the anion gap by about 5 mEq/L. Thus, the baseline anion 
gap may have been approximately 6 mEq/L. Thus, an anion gap of 15 mEq/L 
represents an elevation of 9 mEq/L, indicating the presence of a high anion gap 
metabolic acidosis. 
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DISORDERS OF 
POTASSIUM BALANCE 


CASE PRESENTATION 


A 49-year-old woman is found to have moderate hypertension that is known to 
be of recent onset. She is on no medication and complains only of mild muscle 
weakness. Physical examination reveals a blood pressure of 150/110 and proxi- 
mal muscle weakness is noted. 

Initial plasma and urine studies reveal the following: 


| 
E ol Na = 140 mEq/L (136-142) 
‘ K = 3.1 mEq/L (3.5-5) 

cl = 98 mEq/L (98-108) 
Total CO, = 32 mEq/L (21-30) 
Urine Na = 80 mEq/L (variable) 
K = 60 mEq/L (variable) 
cl = 100 mEq/L (variable) 


174 


CHAPTER 7 Disorders of Potassium Balance 175 


A By the end of this section, you should have an understanding of each 
© of the following issues: 


OBJECTIVES 


ia m The factors involved in the regulation of potassium balance, both 

3s in the transcellular distribution of potassium and in the excretion of 

‘a potassium in the urine. 

< & The major causes of hyperkalemia, with particular emphasis on the 
importance of impaired urinary potassium excretion in patients with 
a persistent elevation in the plasma potassium concentration. 

m The physiologic principles that govern the choice of therapies for 
reversing hyperkalemia. 

m The factors that can lower the plasma potassium concentration and 
the mechanisms by which urinary potassium wasting can occur. 


Physiologic Effects of Potassium 


Total body potassium stores are approximately from 3,000 to 4,000 mEq. 
Roughly, 98% of the potassium is located in the cells; this distribution is in 
contrast to that of sodium, which is primarily limited to the extracellular 
fluid. The Na*‘-K*-ATPase pump in the cell membrane is responsible for 
the localization of potassium and sodium to separate compartments by 
transporting sodium out of and potassium into the cells in a 3:2 ratio (see 
Fig. 1.2). The net effect is that the potassium concentration in the extra- 
cellular fluid is only from 4 to 5 mEq/L, but it is as high as 140 mEq/L in 
the cells. 

Potassium has two major physiologic functions. First, it plays an impor- 
tant role in regulating a variety of cell functions such as protein and glyco- 
gen synthesis. Secondly, the ratio (rather than the absolute values) of the 
potassium concentration in the cells ([K*]_,,) to that in the extracellular fluid 
([K{,]) is the major determinant of the resting membrane potential (E „) 
across the cell membrane according to the following formula: 

r[K*] „+ 0.01[Na*] 
eT cD + 0.01[Na*] 


cell cell 


(Eq. 1) 
eof 


where r is the 3:2 active transport ratio for the Na*—-K*-ATPase pump and 
0.01 is the relative membrane permeability of sodium to potassium. At the 
normal concentration of sodium and potassium in the cells and the extra- 
cellular fluid, 
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= 61 pg 2500) + 0-0102) 
m™ OF OE 1 5 (4.4) + 0.01(145) 


= — 86 mV (cell — interior negative) 


The resting membrane potential is important because it sets the stage 
for the generation of the action potential that is essential for normal neural 
and muscular function. Membrane excitability (or irritability) is equal to 
the difference between the resting and threshold potentials; the latter is the 
potential during depolarization at which an action potential is generated. 
Generation of the action potential is associated with a marked elevation in 
sodium permeability, resulting in sodium entry into the cells and complete 
depolarization of the cell membrane. 

Changes in the plasma potassium concentration can have important 
effects on membrane excitability. From Eq. 1, a fall in the extracellular potas- 
sium concentration (hypokalemia) increases the magnitude of the resting 
potential (makes it more electronegative), a change that reduces membrane 
excitability by hyperpolarizing the membrane (i.e., increasing the difference 
between the resting and threshold potentials). However, changes in extracel- 
lular potassium have major effects on the state of activation of sodium chan- 
nels. Hypokalemia removes the state of inactivation and activates sodium 
channels. The net effect is increased sodium entry into cells, making E „less 
negative (closer to zero) and enhanced excitability that can lead to cardiac 
arrhythmias (see below). 

Opposite changes are induced by a rise in the extracellular potassium 
concentration (hyperkalemia). The initial effect is to depolarize the mem- 
brane (make the potential less electronegative) and increase membrane 
excitability. This change, however, is transient, since depolarization also 
tends to inactivate the sodium channels in the cell membrane. Thus, persis- 
tent hyperkalemia is associated with decreased membrane excitability. 

These effects on neuromuscular transmission are clinically important, 
because they are largely responsible for the most serious symptoms associ- 
ated with disturbances in potassium balance: muscle weakness and poten- 
tially fatal cardiac arrhythmias and disturbances in cardiac conduction. 

As with alterations in the plasma sodium concentration (see Chapter 3), 
the likelihood of inducing symptoms with alterations in potassium balance 
is related both to the degree and to the rapidity of change. As an example, 
the loss of potassium (as with severe diarrhea) will initially lower the plasma 
potassium concentration, have no effect on the cell potassium concentra- 
tion, and therefore increase the ratio of cellular to extracellular potassium 
and make the resting potential more electronegative. However, the fall in the 
plasma potassium concentration creates a gradient that promotes potas- 
sium movement out of the cells; as this occurs, the concurrent reduction in 
the cell potassium concentration results in a smaller change in the ratio of 
cellular to extracellular potassium and therefore a lower likelihood of inter- 
fering with neuromuscular function and of inducing symptoms. 
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Regulation of Potassium Balance 


In a normal adult with an extracellular fluid volume of 12 to 14 L (Fig. 2.5) 
and serum potassium concentration of 4 to 5 mEq/L, the total quantity of 
extracellular potassium is approximately from 50 to 70 mEq. In the steady 
state, the average potassium intake ranges from 40 to 100 mEq/day (~1.4-4 g) 
and 90% is excreted in the urine with a small amount in the stool. These 
observations have important implications for the regulation of potassium 
balance. The ingestion of 40 mEq of potassium (as with a few large glasses of 
orange juice) could, if the ingested potassium initially remained in the extra- 
cellular space, nearly double the extracellular fluid potassium concentration 
(measured clinically as the plasma potassium concentration) and lead to 
potentially serious symptoms. This does not occur because potassium regu- 
lation occurs in two steps (Table 7.1): 


= Initial uptake of some of the ingested potassium into the cells, thereby 
limiting the rise in the plasma potassium concentration. 

= Subsequent excretion of the excess potassium in the urine. On average, 
most of the potassium load will be excreted within 6 to 8 hours. 


An understanding of the factors that regulate these two steps is clinically 
important, because an abnormality in one or both is present in many patients 
with an elevated plasma potassium concentration (hyperkalemia) and in 
some patients with a low plasma potassium concentration (hypokalemia). 


Potassium Uptake by Cells 


In normal subjects, three factors are of primary importance in promoting 
the transient movement of ingested potassium into the cells: a small eleva- 
tion in plasma potassium concentration, insulin, and epinephrine (acting 


Major Factors Involved in Regulation of Potassium Balance 


I. Potassium uptake by the cells 
A. Insulin 
B. Epinephrine (via the 8,-adrenergic receptors) 
C. Plasma potassium concentration 


Il. Urinary potassium excretion, which is primarily determined by secretion 
in the principal cells in the cortical collecting tubule 
A. Aldosterone 
B. Distal flow of sodium and water 
C. Plasma potassium concentration 
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via the B,-adrenergic receptors). Basal levels of insulin and epinephrine 
appear to maintain the activity of the Na*-K‘-ATPase pump, and increases 
in the levels of either hormone stimulate pump activity leading to increased 
cellular uptake. The physiologic importance of these hormones has been 
demonstrated by the responses to a f-adrenergic blocker. In these settings, 
the increment in the plasma potassium concentration after a dietary potas- 
sium load is greater and more prolonged than in normal subjects (Fig. 7.1). 
On the other hand, epinephrine released during a stress response drives 
potassium into the cells and can transiently lower the plasma potassium 
concentration by as much as 1 mEq/L. Other factors can also influence 
potassium entry into the cells as evidenced by the demonstration that the 
combination of B-blockade and insulin deficiency impairs but does not 
prevent this process. 


Urinary Potassium Excretion 


Ata glomerular filtration rate (GFR) of 180 L/day (125 mL/min) and a plasma 
water potassium concentration of 4.5 mEq/L, the normal filtered load of 
potassium is 810 mEq. Although this is much greater than dietary intake, 
urinary potassium is not derived from glomerular filtration. Almost all of the 
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FIGURE 7.1. Sequential changes in the plasma potassium concentration after 
a potassium chloride infusion in controls (blue circles) and in subjects pre- 
treated with propranolol, a B-adrenergic blocker (green squares). The transient 
elevation in the plasma potassium concentration is significantly greater and more 
prolonged with propranolol treatment. 
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filtered potassium is reabsorbed passively in the proximal tubule and thick 
ascending limb of the loop of Henle, with the rate of potassium excretion 
being primarily determined by potassium secretion from the cell into the 
lumen in the principal cells in the cortical collecting duct and outer medul- 
lary collecting duct. 

A cell model for distal potassium secretion at these sites is depicted in 
Figure 7.2. Potassium secretion occurs through selective potassium channels 


Tubular lumen Principal cell Peritubular capillary 


2k* 


Aldosterone 


Apical Basolateral 
membrane membrane 


FIGURE 7.2. Schematic model of the transport pathways involved in potassium 
secretion in the principal cells in the cortical collecting duct and outer medullary 
collecting duct. Aldosterone enters the cell across the basolateral membrane and 
combines with its cytosolic receptor (R-Aldo), initiating a sequence of events that 
enhances sodium reabsorption and potassium secretion through apical membrane 
channels and chloride reabsorption between the cells across the tight junction. 
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in the apical membrane. Although the high cell potassium concentration 
favors diffusion into the lumen, this secretory process is markedly enhanced 
by the reabsorption of sodium through selective sodium channels in the api- 
cal membrane. The removal of cationic sodium from the lumen creates a 
lumen-negative electrical potential that promotes both potassium secretion 
through the apical potassium channels and chloride reabsorption between 
the cells across the tight junction. 

Aldosterone plays a central role in the regulation of potassium excretion. 
A small rise in the plasma potassium concentration after a potassium load 
(of as little as 0.1 to 0.2 mEq/L) is sufficient to increase adrenal release of aldo- 
sterone. Aldosterone then enters the potassium-secreting cells in the distal 
nephron and combines with its cytosolic receptor; this hormone-receptor 
complex then migrates to the nucleus where it initiates the synthesis of 
aldosterone-induced proteins. 

Aldosterone enhances potassium secretion by affecting each of the steps 
involved in this process. Furthermore, elevation of plasma potassium con- 
centration itself contributes to activating these transport pathways: 


= The earliest effect is an increased number of open sodium channels in the 
apical membrane, thereby promoting sodium reabsorption and enhancing 
the degree of luminal negativity. 

= The subsequent transport of this sodium out of the cell by the Na*—K*-ATPase 
pump results in potassium entry into the cell across the basolateral mem- 
brane, a change that increases the size of the potassium secretory pool. 

= An enhanced number of open potassium channels also occurs, further 
promoting potassium secretion into the lumen. 


The importance of sodium reabsorption in the potassium secretory process 
helps us to understand the final major factor that affects potassium secre- 
tion: the distal delivery of sodium and water. At a constant aldosterone and 
plasma potassium concentration, increasing sodium delivery (as with a loop 
diuretic) will tend to enhance distal sodium reabsorption and thereby potas- 
sium secretion. Conversely, decreasing distal delivery will tend to diminish 
potassium secretion and predispose toward potassium retention and the 
development of hyperkalemia. A similar effect can be achieved by blocking 
the sodium channels with a potassium-sparing diuretic such as amiloride 
(see Chapter 4). The reduction in sodium entry into the cells will diminish 
potassium secretion as well. 


Ingestion of a high-salt diet will enhance distal delivery of 
sodium and water due in part to reduced reabsorption in the 
proximal tubule. In this setting, however, there is no significant 
1 | rise in potassium secretion. This is an appropriate response, 
since there is no physiologic reason to waste potassium 
when sodium intake is increased. Why does potassium secretion remain 
relatively constant? 
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Hyperkalemia 


Unless there is an acute massive potassium load that overwhelms the nor- 
mal homeostatic mechanisms, hyperkalemia (generally defined as a plasma 
potassium concentration above 5.3 mEq/L) must be due to impaired cell 
entry, increased cell release, or due to reduced urinary excretion. 

The importance of normal renal function in protecting against potassium 
retention and the development of hyperkalemia is illustrated in Figure 7.3. 
Normal subjects who were ingesting a regular diet containing 80 to 100 mEq 
of potassium per day increased their intake to 400 mEq/day. By day 2, urinary 
potassium excretion had risen to equal intake, a response that was driven by 
arise in both aldosterone secretion and the plasma potassium concentration 
(from 3.8 to 4.8 mEq/L). By day 20, potassium excretion had become much 
more efficient (a phenomenon called potassium adaptation) as 400 mEq is 
still being excreted, but the plasma aldosterone level had fallen almost to 
normal and the plasma potassium concentration had fallen to 4.3 mEq/L, 
only 0.5 mEq/L above baseline. This adaptation is mediated by increased 
Na*—K*-ATPase activity of the principal cells in the cortical and outer medul- 
lary collecting ducts. Enhanced pumping of potassium into these cells will 
increase the size of the intracellular potassium secretory pool. 
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FIGURE 7.3. Effect of increasing potassium intake from 100 to 400 mEq/ 
day on urinary potassium excretion and the plasma aldosterone and potassium 
concentrations in normal subjects. Urinary excretion rises to equal intake by 
day 2 and persists through the study until day 20. A mild elevation in the plasma 
potassium concentration and an initial elevation in aldosterone release contribute 
to the reattainment of the steady state. 
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This study illustrates an important physiologic principle: hyperkalemia 
is always associated with an impairment in urinary potassium excretion. We 
can, therefore, derive most of the differential diagnosis of persistent hyperka- 
lemia simply by knowing the major factors (other than the plasma potassium 
concentration itself) that regulate potassium secretion: one of the causes 
of hypoaldosteronism, decreased distal urinary flow due to marked volume 
depletion (as in advanced heart failure) or advanced renal failure (too few 
functioning nephrons to excrete the potassium load). Impaired cell entry 
generally induces acute but not chronic hyperkalemia, since the extra potas- 
sium will ultimately be excreted in the urine if renal function is intact. 


Etiology 


The most common causes of hyperkalemia are listed in Table 7.2, according 
to the mechanism responsible. Several of these disorders will be reviewed 
briefly because of the pathophysiologic principles involved. 


Metabolic Acidosis 

Many of the excess hydrogen ions that accumulate in metabolic acidosis 
are buffered in the cells (see Chapter 5 and Fig. 7.4). The major extracellular 
anion chloride enters the cells to only a limited degree; as a result, electro- 
neutrality is preserved in this setting by the movement of cellular potas- 
sium and sodium into the extracellular fluid. The net effect is a variable 
elevation in the plasma potassium concentration that averages 0.6 mEq/L 
(with a very wide range of 0.2 to 1.7 mEq/L) for every 0.1 pH unit fall in 
extracellular pH. 

The actual plasma potassium concentration that is seen varies with the 
underlying disorder, although it will generally be elevated in relation to body 
potassium stores. Thus, the degree of hyperkalemia may be exacerbated in 
advanced chronic renal failure by the concurrent metabolic acidosis. On 
the other hand, a disorder such as diarrhea is commonly associated with 
potassium depletion due to gastrointestinal losses. As a result, hypokalemia 
is often present, but the metabolic acidosis will cause the plasma potassium 
concentration to be higher than it would be if the extracellular pH were 
normal. Correction of the acidemia in this setting will unmask this phenom- 
enon, leading to a further reduction in the plasma potassium concentration 
unless potassium supplements are also administered. 

For reasons that are not well understood, the shift of potassium out of the 
cells is minimized in organic acidoses such as lactic acidosis or ketoacidosis. 
One possible contributory factor is that the organic anion may be able to fol- 
low hydrogen into the cells (perhaps as the undissociated, lipid-soluble intact 
acid), thereby removing the necessity for the redistribution of potassium. 
A transcellular shift of potassium does occur in diabetic ketoacidosis, fre- 
quently resulting in hyperkalemia at presentation even though body potas- 
sium stores are often markedly reduced due to the glucosuria-induced 
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Major Causes of Hyperkalemia 


I. Increased potassium intake—may play a contributory role but not an 
independent cause of hyperkalemia unless a large amount is acutely 
ingested or infused 


Il. Decreased potassium entry into cells or increased potassium release 

from cells 

A. Metabolic acidosis 

B. Insulin deficiency and hyperglycemia in uncontrolled diabetes mellitus 

C. B-Adrenergic blockade—may cause an enhanced rise in the plasma 
potassium concentration after a potassium load, but will not cause 
persistent hyperkalemia since the extra potassium will be excreted in 
the urine 

D. Increased tissue breakdown releasing potassium from cells, as with 
muscle breakdown (rhabdomyolysis) following trauma or a crush injury 

E. Exercise 
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Ill. Reduced potassium excretion in the urine 
A. Diminished distal delivery of sodium and water, typically associated 
with a significant decline in glomerular filtration rate 
1. Advanced renal failure, especially when the urine output is decreased 
2. Marked effective circulating volume depletion as in severe 
congestive heart failure 
B. Hypoaldosteronism 
1. Hyporeninemic hypoaldosteronism 
2. Angiotensin-converting enzyme inhibitors, which lower aldosterone 
release by inhibiting the formation of angiotensin II 
3. Nonsteroidal anti-inflammatory drugs, which act in part by removing 
the stimulatory effect of renal prostaglandins on the release of renin 
4. Potassium-sparing diuretics, which directly block sodium reabsorption 
and potassium secretion in the collecting tubules (see Chapter 4) 
5. Primary adrenal insufficiency 


osmotic diuresis. However, factors other than metabolic acidosis appear to 
be primarily responsible in this setting. 


Insulin Deficiency and Hyperglycemia 

The redistribution of potassium out of the cells in uncontrolled diabetes 
mellitus is due in part to insulin deficiency. However, the associated hypergly- 
cemia and hyperosmolality probably play a more important role. The eleva- 
tion in plasma osmolality promotes the osmotic movement of water out of 
the cells, leading to the parallel movement of potassium into the extracel- 
lular fluid. Two factors contribute to this response. First, the loss of water 
raises the intracellular potassium concentration, thereby creating a favorable 
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FIGURE 7.4. Reciprocal cation shifts of H+, Kt, and Na+ between the cells and 
the extracellular fluid. In the presence of a mineral acid load, H* moves into the cells 
where it is buffered. To maintain electroneutrality, K* and Na* leave the cell, result- 
ing in an increased K (blue arrow) serum concentration. The reverse occurs in the 
setting of a metabolic alkalosis. The reduced extracellular H* concentration favors 
movement out of the cell. To maintain electroneutrality, K* and Na* enter the cell. 


concentration gradient for passive potassium exit through selective potassium 
channels in the cell membrane. Secondly, the frictional forces between sol- 
vent (water) and solute results in potassium being carried out of the cell along 
with water through the aquaporins (water channels) in the cell membrane. 

The administration of insulin reverses the insulin deficiency and hyper- 
glycemia, leading to rapid movement of potassium into the cells. The plasma 
potassium concentration frequently falls to below normal as the underlying 
potassium depletion is unmasked. 


Exercise 
Potassium is normally released from cells during exercise. This response may 
in part reflect a delay between potassium exit from the cells during depo- 
larization and subsequent reuptake via the Na‘-K'-ATPase pump during 
repolarization. In addition, a second factor may contribute during severe 
exercise. Muscle cells have potassium channels that are inhibited by ATP. 
Thus, a reduction in cell ATP levels with marked exercise can open up more 
channels, facilitating the exit of potassium from the cells. 

The effect of exercise is dose-dependent: The plasma potassium concen- 
tration rises from 0.3 to 0.4 mEq/L with slow walking, 0.7 to 1.2 mEq/L with 
moderate exertion (including prolonged aerobic exercise as with marathon 
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running), and up to 2 mEq/L with possible EKG changes following exercise 
to exhaustion. Potassium moves back into the cells and the normokalemia is 
restored after several minutes of rest. The local elevation in the plasma potas- 
sium concentration has a vasodilatory effect and contributes to enhanced 
blood flow. Furthermore, this rise in extracellular potassium results in the 
membrane potential being less negative (Eq. 1) contributing to increased 
muscle contractility. 


Renal Failure 
Potassium balance is generally well maintained even in moderate to 
advanced renal failure because increased potassium excretion per function- 
ing nephron can balance the decline in the number of functioning nephrons. 
This represents another example of potassium adaptation that is mediated 
in part by enhanced Na*—K*-ATPase activity in the potassium-secreting cells. 
The ability to maintain a normal plasma potassium concentration 
ultimately becomes impaired by two factors: There are now too few neph- 
rons to excrete the dietary potassium load, and the urine output may fall, 
thereby decreasing distal sodium and water delivery. When hyperkalemia 
develops in a nonoliguric (urine output >400 mL/day) patient with mild-to- 
moderate renal failure, some other factor is generally superimposed such as 
an increased potassium load (due to enhanced intake or tissue breakdown) 
or one of the forms of hypoaldosteronism. 


A patient with advanced renal failure has an impairment in 
potassium excretion, leading to potassium retention. The 
plasma potassium concentration rises to 5.6 mEq/L and then 
2| stabilizes. What protective mechanisms allowed the steady 
state to be reattained? Why don't these adaptations return the 
plasma potassium concentration to normal? 


Hypoaldosteronism 

The major physiologic stimuli to the release of aldosterone are angiotensin II 
(generated in part by the release of renin from the kidney) and a rise in the 
plasma potassium concentration (see Chapter 2). Thus, hyperkalemia due to 
decreased aldosterone effect is usually due to renal disease (impairing renin 
secretion), adrenal dysfunction (impairing aldosterone release), or tubular 
resistance to aldosterone (Table 7.2). 

The effect of hypoaldosteronism on the plasma potassium concentration 
can be appreciated from the experiments in Figure 7.5. Adrenalectomized 
dogs were given different levels of aldosterone replacement, and the steady- 
state plasma potassium concentration was noted at different levels of 
potassium intake. The horizontal dotted line shows the observed plasma 
potassium concentrations on 50 mEq/day potassium intake in animals 
treated with high (250 g/day), normal (50 pg/day), or low (20 pg/day) aldo- 
sterone supplementation. As expected, in animals with lower than normal 
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FIGURE 7.5. Mean values for plasma potassium concentration and steady- 
state urinary potassium excretion (which is roughly equal to intake) in 
adrenalectomized dogs given high (250 pg/day, blue line), normal (50 pg/day, 
green line), or low (20 pg/day, red line) levels of aldosterone replacement. At 
any given level of potassium intake (such as the dashed line at 50 mEq/day), the 
plasma potassium concentration was lower with hyperaldosteronism and higher 
with hypoaldosteronism. 


aldosterone supplementation, there were higher serum potassium levels (and 
less urinary potassium excretion). Another way to view the data is that for 
any given plasma potassium concentration, potassium excretion increases 
with higher aldosterone doses. 

The diminished efficiency of potassium excretion with hypoaldosteron- 
ism does not prevent the reattainment of the steady state in which intake 
and excretion are roughly equal; however, a higher than normal plasma 
potassium concentration is required to counteract the decreased availability 
of aldosterone. This is similar to the studies in normal humans in Figure 7.3; 
a small rise in the plasma potassium concentration provides a sufficient sig- 
nal to maintain potassium excretion at high levels without requiring a persis- 
tent increase in aldosterone secretion (Fig. 7.3; day 20). 


Etiology. The most common causes of hypoaldosteronism in adults are the 
administration of drugs such as a potassium-sparing diuretic or angioten- 
sin converting enzyme inhibitor and hyporeninemic hypoaldosteronism 
(Table 7.2). The latter disorder is, in the absence of an obvious etiology such 
as advanced renal failure or potassium-sparing diuretics, responsible for 
approximately 50% to 75% of cases of persistent hyperkalemia in adults. Most 
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affected patients have diabetic nephropathy and a mild-to-moderate reduc- 
tion in the GFR (creatinine clearance ranging between 20 and 75 mL/min). 

The pathogenesis of hyporeninemic hypoaldosteronism is incompletely 
understood. In addition to a primary reduction in renin release, there is also 
evidence for an intra-adrenal defect characterized by decreased secretion 
of aldosterone following an infusion of angiotensin II. How these changes 
might occur is not known. 

Underlying renal insufficiency is an important determinant of the 
degree of hyperkalemia in any form of hypoaldosteronism. Although relative 
lack of aldosterone decreases the efficiency of potassium secretion, patients 
with normal renal function can compensate because a small rise in the 
plasma potassium concentration directly stimulates potassium secretion. 
Hyperkalemia is not seen until the additional insult of impaired renal func- 
tion is also present. Although the exact mechanisms leading to hyporenin- 
emic hypoaldosteronism are not known, several observations suggest that 
a defect in renal prostaglandin synthesis is involved [prostaglandins stim- 
ulate renin release and NSAIDs (nonsteroidal anti-inflammatory drugs— 
prostaglandin inhibitors) can cause this disorder]. Another hypothesis sug- 
gests that hypervolemia associated with renal disease may be the primary 
event. Volume expansion increases levels of atrial natriuretic peptide that 
can suppress renin release. 


Metabolic Acidosis. Hypoaldosteronism has also been called type 4 renal 
tubular acidosis (RTA), since most patients have a mild metabolic acidosis 
with the plasma bicarbonate concentration usually being between 17 and 
21 mEq/L. Aldosterone can directly stimulate distal hydrogen secretion and 
reducing aldosterone will promote the development of metabolic acidosis. 
However, hyperkalemia appears to be of greater importance, since lower- 
ing the plasma potassium concentration induces partial or even complete 
normalization of the plasma bicarbonate concentration. 


Can you derive a mechanism by which hyperkalemia could 

reduce acid and ammonium excretion? Consider where the 

excess potassium will be distributed and how electroneutrality 
Eq will be maintained. 


Symptoms 


The symptoms associated with hyperkalemia are limited to muscle weakness 
(due to interference with neuromuscular transmission) and abnormal cardiac 
conduction. Disturbances in cardiac conduction induced by hyperkalemia 
can lead to cardiac arrest and death. As a result, monitoring of the EKG is an 
essential part of the management of this disorder. The approximate relation- 
ship between the plasma potassium concentration and the EKG is depicted 
in Figure 7.6, although there is marked variability among patients in the level 


o 
Q 
[= 
pS 
© 
[aa] 
= 
= 
T 
wn 
© 
£g 
© 
a 
ra 
© 
Ke 
o 
D 
£ 
9 
2 
a 
Nn 
oc 
lu 
= 
a 
< 
T 
e 


488 Renal Pathophysiology: The Essentials 


4.0 a 8.0 10.0 12.0 


Plasma Kt 
(mEq/L) 


FIGURE 7.6. Electrocardiogram in relation to the plasma potassium concentra- 
tion in hyperkalemia. The initial change is peaking and narrowing of the T wave, 
followed by widening of the QRS complex, loss of the P wave, and a sine wave 
pattern as the QRS complex merges with the T wave. 


at which particular changes will be seen. The earliest alteration is peaked and 
narrowed T waves due to more rapid repolarization; this change in T-wave 
configuration generally becomes apparent when the plasma potassium con- 
centration exceeds from 6 to 7 mEq/L. Above 7 to 8 mEq/L, depolarization may 
become delayed (due to decreased excitability as described at the beginning of 
this chapter), leading to widening of the QRS complex and eventual loss of the 
P wave. The final changes are a sine wave pattern as the widened QRS complex 
merges with the T wave, followed by ventricular fibrillation or standstill. 


Treatment 


Treatment of hyperkalemia ultimately involves removal of the excess potas- 
sium from the body (Table 7.3). The major exception occurs in a disorder 
such as uncontrolled diabetes mellitus where the patient is actually potas- 
sium depleted and the elevation in plasma potassium concentration is due to 
a transcellular shift that can be reversed by therapy of the underlying disease. 
Since removal of potassium from the body will take time (through urinary 
excretion, gastrointestinal loss, or in severe cases by dialysis; see below), 
short-term treatment strategies involve temporary shifts of potassium from 
the extracellular to intracellular compartment. 

Optimal treatment varies with the severity of the hyperkalemia. General 
principles include avoidance of potassium supplements and discontinuation 
of drugs that can lower aldosterone release (Table 7.2). Patients with a plasma 
potassium concentration below 6.0 mEq/L usually respond to the combina- 
tion of a loop diuretic and a low-potassium diet. Asymptomatic patients with 
a plasma potassium concentration above 6.0 to 6.5 mEq/L can be treated 
with a cation-exchange resin, given orally. It should not be administered by 
colonic enema due to a risk of colonic necrosis. The most commonly used 
resin, sodium polystyrene sulfonate (Kayexalate), takes up potassium in the 
gut and releases sodium. 

Indications for the other treatment modalities for hyperkalemia listed in 
Table 7.3 are for more marked or symptomatic hyperkalemia, where you can- 
not safely wait several hours for the resin to work. In this setting, insulin and 
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Treatment of Hyperkalemia 


Mechanism Onset of Action 


|. Antagonism of membrane Several minutes and then rapidly wanes 

actions 
A. Calcium 

Il. Increased potassium entry into Each of these modalities works within 
cells 30-60 minutes, lowers the plasma 
A. Insulin and glucose potassium concentration by 
B. B,-adrenergic agonists 0.5-1.5 mEq/L, and lasts for 
C. Sodium bicarbonate several hours 

Ill. Potassium removal from the Diuretics take several hours but patients 
body with advanced renal failure may show 
A. Diuretics little response 
B. Cation exchange resin Exchange resins take 2-3 hours and 
C. Dialysis requires repeat dosing 


Several hours 


glucose (10 units of insulin with at least 40 g of glucose to prevent hypogly- 
cemia), a B,-adrenergic agonist (such as albuterol), and/or sodium bicarbon- 
ate can be given to transiently drive potassium into the cells until the excess 
potassium can be removed from the body. 

Therapy of life-threatening hyperkalemia should begin with the admin- 
istration of calcium gluconate, which almost immediately but transiently 
antagonizes the effect of potassium but does not affect extracellular potas- 
sium concentration. As mentioned at the beginning of this chapter, the initial 
depolarization of the resting membrane potential induced by hyperkalemia 
inactivates the sodium channels in the cell membrane leading to a decrease 
in membrane excitability. Calcium reverses this effect and restores mem- 
brane excitability toward normal by a mechanism that is not well under- 
stood. In patients with severe renal failure or on dialysis, acute dialysis may 
be indicated for potassium removal. 


Hypokalemia 


Hypokalemia is most often induced by increased gastrointestinal or urinary 
losses, although increased entry into the cell can also occur (Table 7.4). 
A low-potassium diet alone generally has a relatively minor effect on the 
plasma potassium concentration, since urinary potassium excretion can 
be reduced to <15 to 25 mEq/day with potassium depletion. This response 
is mediated in part by a direct inhibitory effect of hypokalemia both on 
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TABLE 7.4 


Major Causes of Hypokalemia 


|. Decreased dietary intake—may play a contributory role but is rarely 
solely responsible for hypokalemia 


Il. Increased entry into the cells—generally produces only a transient 
reduction in the plasma potassium concentration 
A. Metabolic alkalosis 
B. Increased f-adrenergic activity, as with epinephrine release during 
a stress response 


lll. Enhanced gastrointestinal losses 
A. Vomiting 
B. Diarrhea 
C. Nasogastric tube drainage 


IV. Increased urinary losses—typically requires hyperaldosteronism and 
normal to enhanced distal flow 
A. Loop and thiazide-type diuretics 
B. Vomiting 
C. Primary mineralocorticoid excess, most often due to aldosterone- 
producing adrenal adenoma 
D. Secondary hyperaldosteronism due to renal artery stenosis 
E. Renal tubular acidosis 


potassium secretion in the principal cells in the collecting ducts (Fig. 7.2) 
and on aldosterone release. 

In addition, potassium can be reabsorbed by the acid-secreting inter- 
calated cells in the cortical collecting duct. As shown in Figure 5.2, some of 
the hydrogen ions are secreted by a H'-K*-ATPase, which reabsorbs potas- 
sium as it secretes hydrogen. The activity of this transporter is increased with 
potassium depletion (the signal for which might be a reduction in the cell 
potassium concentration); the net effect is increased potassium reabsorp- 
tion and an appropriately lower rate of potassium excretion. 


Etiology 


The major causes of hypokalemia are listed in Table 7.4. The transcellular 
shifts and increase in urinary potassium excretion generally involve mech- 
anisms similar to but in the opposite direction from those described for 
hyperkalemia. As an example, a -blocker may transiently raise the plasma 
potassium concentration after a potassium load (Fig. 7.1), while epinephrine 
released during a stress response can induce transient hypokalemia due to 
potassium movement into the cells. 
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Urinary Potassium Wasting 

Two factors are generally required to cause hypokalemia by inappropriately 
increasing distal potassium secretion: enhanced secretion of aldosterone 
(as in left curve in Fig. 7.5) and normal or elevated delivery of sodium and 
water to the potassium secretory site. Loop and thiazide-type diuretics, for 
example, increase distal delivery by impairing sodium reabsorption in the 
loop of Henle or distal tubule, respectively, and they enhance the secretion of 
aldosterone by inducing volume depletion. 


Administration of a diuretic leads to potassium depletion 
because urinary excretion exceeds intake. What 
counterregulatory factors will tend to diminish potassium 

| 4 | excretion and allow the steady state for potassium balance 
to be reestablished? 


Vomiting. Hypokalemia with vomiting is primarily due to urinary rather 
than gastrointestinal losses. Potassium wasting primarily occurs in the first 
few days, when the associated elevation in plasma bicarbonate concentra- 
tion causes the filtered bicarbonate load to exceed reabsorptive capacity; 
as a result, more bicarbonate is delivered out of the proximal tubule and 
is excreted with sodium and potassium. This in combination with volume 
depletion-induced hyperaldosteronism will further enhance potassium 
secretion (see Table 5.4). 


Hypokalemia and Metabolic Alkalosis with and 
without Hypertension 


Primary Hyperaldosteronism. Some patients have primary overproduc- 
tion of aldosterone, most often due to an adrenal adenoma. Patients with 
this disorder initially retain sodium and remain slightly volume expanded 
and are usually hypertensive. Once again, increased aldosterone levels and 
adequate distal delivery lead to potassium wasting. The aldosterone stimu- 
lation of H'-ATPase frequently results in metabolic alkalosis in addition to 
hypokalemia. 

One rare cause of this disorder, excess ingestion of real licorice, has helped 
to shed important light on the mechanism by which mineralocorticoid activ- 
ity is regulated in target cells, such as those in the collecting ducts. Licorice 
contains a steroid, glycyrrhetinic acid, that has slight aldosterone-like activity. 
More importantly, glycyrrhetinic acid inhibits the enzyme 11f-hydroxysteroid 
dehydrogenase. This enzyme, which is largely restricted in the kidney to the 
aldosterone-sensitive sites in the collecting ducts, promotes the conversion 
of cortisol to cortisone. This effect is physiologically important, because cor- 
tisol but not cortisone binds as avidly as aldosterone to the mineralocorticoid 
receptor. Although cortisol has a much higher plasma concentration than 
aldosterone, it does not normally have much mineralocorticoid activity since 
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it is locally converted to inactive cortisone. Inhibiting this conversion with 
glycyrrhetinic acid allows normal levels of cortisol to induce an often marked 
elevation in net mineralocorticoid activity and hypokalemia. 

Liddle syndrome is another disorder characterized by hypokalemia, 
metabolic alkalosis similar to hyperaldosteronism, but is independent of 
mineralocorticoids. This is an autosomal-dominant condition characterized 
by a gain of function mutation in the collecting duct sodium channel (Fig. 7.2). 
It can be distinguished from hyperaldosteronism by the combination of low 
renin and aldosterone levels, and can be treated with sodium channel antag- 
onists amiloride or triamterene (Chapter 4). 

Bartter and Gitelman syndromes are rare hereditary disorders that 
present with hypokalemia, metabolic alkalosis but no hypertension. The 
pathogenesis is similar to that seen with loop and thiazide diuretics. Bartter 
syndrome has been described with mutations in any of the transporters 
of the thick ascending limb of Henle (Chapter 1). The genetic defects in 
Gitelman syndrome are in the thiazide-sensitive Na—Cl cotransporter in the 
distal tubule. The sodium depletion in both disorders result in hyperrenin- 
emia and hyperaldosteronism. Consistent with functions of these nephron 
segments (Chapter 1), there are variable degrees of hypomagnesemia, and 
opposite effects on calcium excretion. Gitelman syndrome is associated with 
hypocalciuria; Bartter syndrome with hypercalciuria. 


Renal Tubular Acidosis. The characteristics of the two major forms of RTA— 
type 1 or distal RTA and type 2 or proximal RTA—are described in Chapter 6. 
Each can induce urinary potassium wasting and hypokalemia, although the 
mechanism is different. Patients with type 2 RTA have a reduced capacity 
for proximal bicarbonate reabsorption. They generally remain in normal or 
near-normal potassium balance if untreated, since the plasma bicarbonate 
concentration will have fallen to a low level at which all of the filtered bicar- 
bonate can be reabsorbed. If, however, alkali therapy is given to raise the 
plasma bicarbonate concentration, the filtered load will exceed reabsorptive 
capacity and the ensuing increase in delivery of sodium bicarbonate to the 
potassium secretory site will stimulate potassium secretion. 

A different mechanism is involved in type 1 RTA in which distal acidifica- 
tion is impaired and the urine pH is persistently above 5.5, due in some cases 
to decreased activity of the H*-ATPase pump. The lumen-negative potential 
generated by the reabsorption of sodium through sodium channels in the 
apical membrane (Fig. 7.2) can be dissipated only by chloride reabsorption 
or by potassium or hydrogen secretion. The availability of chloride is limited 
and the impairment in hydrogen secretion means that potassium secretion 
must be increased to maintain electroneutrality as sodium is reabsorbed. 


Symptoms 


Most patients with chronic hypokalemia are asymptomatic and the low 
plasma potassium concentration is incidentally discovered on a blood test. 
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If, however, the plasma potassium concentration is below 3 mEq/L, patients 
may complain of muscle weakness (induced in part by the change in rest- 
ing membrane potential) and polyuria and polydipsia (increased thirst) 
due to resistance to antidiuretic hormone (nephrogenic diabetes insipi- 
dus; see Chapter 3). The mechanism by which hypokalemia interferes with 
the action of ADH is not well understood, but there are decreased levels of 
aquaporin-2, the ADH-sensitive water channel. Hypokalemia can also pre- 
dispose to EKG changes (such as depression of the ST segment, flattening 
of the T waves, and increased prominence of U waves) and to a variety of 
cardiac arrhythmias, particularly in patients taking digitalis or having acute 
coronary ischemia. In the latter setting, stress-induced epinephrine release 
can contribute by further reducing the plasma potassium concentration. 
Hypokalemia both increases automaticity and delays repolarization. As a 
result, a wide variety of arrhythmias can be seen, including premature atrial 
or ventricular beats, atrioventricular block, and even ventricular tachycar- 
dia or fibrillation. 


Diagnosis 


The cause of hypokalemia is usually evident from the history, with gastro- 
intestinal losses and diuretic therapy being most common. When the cause 
is not apparent, measurement of other laboratory tests is often helpful. For 
example, the most likely causes of unexplained hypokalemia in a normoten- 
sive patient are surreptitious vomiting, diarrhea, or diuretic therapy with a 
loop or thiazide-type diuretic. 


How might the plasma bicarbonate concentration, extracellular 
pH, and urinary potassium excretion help to distinguish 
between these disorders? Would the plasma renin activity 


5 be of any value? 


In comparison, the major differential diagnosis in a hypertensive patient 
(as in the case at the beginning of this chapter) is surreptitious diuretic use, 
primary hyperaldosteronism, or renal artery stenosis (see Case Discussion 
below). 


Treatment 


Except for transient entry into the cells, the treatment of hypokalemia con- 
sists of the administration of potassium, usually as potassium chloride. An 
alternative in patients with chronic urinary potassium wasting due to con- 
tinued diuretic therapy or nonoperable primary hyperaldosteronism is the 
administration of a potassium-sparing diuretic that closes the apical mem- 
brane sodium channels in Figure 7.2. 
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The total potassium deficit can only be approximated from the extra- 
cellular concentration, since almost all of the body potassium is located 
in the cells. In general, from 200 to 400 mEq of potassium must be lost to 
lower the plasma potassium concentration from 4.0 to 3.0 mEq/L and a simi- 
lar quantity must be lost to reduce the plasma potassium concentration to 
2.0 mEq/L. More severe hypokalemia is relatively rare, because potassium 
release from the cells can usually prevent a further fall in the plasma potas- 
sium concentration. 

As with metabolic alkalosis (see Chapter 5), the administered potassium 
must be given with chloride or, if the patient also has metabolic acidosis, 
with bicarbonate. Consider, on the other hand, what would happen if potas- 
sium sulfate were given. The sulfate will be filtered and then partially reab- 
sorbed in the proximal tubule. At the distal potassium secretory site depicted 
in Figure 7.2, sodium reabsorption makes the lumen electronegative; electro- 
neutrality is maintained by potassium secretion, by chloride reabsorption—a 
process that largely occurs between the cells across the tight junction—or 
by hydrogen secretion in the adjacent intercalated cells. If nonreabsorbable 
sulfate rather than chloride is in the lumen, then sodium reabsorption will 
be matched in part by increased potassium and hydrogen secretion, thereby 
minimizing correction of the hypokalemia and concomitant metabolic alka- 
losis. If, however, potassium chloride were given, then distal sodium reab- 
sorption can be matched by chloride reabsorption, thereby allowing the 
administered potassium to be retained. 
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CASE DISCUSSION 


The patient presented at the beginning of the chapter has the recent onset 
of hypertension accompanied by hypokalemia, urinary potassium wasting 
(urinary potassium excretion should be below 25 mEq/day in the presence of 
hypokalemia), and metabolic alkalosis. The muscle weakness is probably due to 
the hypokalemia. 

This constellation of findings is suggestive of hyperaldosteronism, which, in 
this setting, is most often due to one of three disorders: 


= Primary hyperaldosteronism. 

m Secondary hyperaldosteronism due to renal artery stenosis, a setting in which 
renal ischemia leads to enhanced renin secretion. 

= Diuretic ingestion (which may be surreptitious) in a patient with underlying 
essential hypertension. ES 


M 
The diagnosis of surreptitious diuretic ingestion, which is not a rare disorder, 
can be established only by analyzing the urine for the presence of a diuretic. In 5, 
this case, however, the recent onset of hypertension suggests one of the other 
two disorders since the onset of essential hypertension is not so abrupt. 
Measurement of the plasma renin activity may be very helpful. Renin secre- 
tion is increased in renal artery stenosis but is markedly and appropriately sup- 
pressed by the volume expansion (induced by initial sodium retention) in primary 
hyperaldosteronism. The presence of renal artery stenosis, which is much more 
common, can be confirmed by performing a renal arteriogram in which radio- 
contrast media is injected directly into the renal arteries. 


ANSWERS TO QUESTIONS = — ———— 


EH Volume expansion induced by the high-salt diet will decrease the activity of 

the renin-angiotensin-aldosterone system. The reduction in aldosterone 
secretion will tend to diminish potassium secretion, thereby counteracting the 
effect of increased distal flow. The decline in aldosterone levels will also diminish 
collecting duct sodium reabsorption, an appropriate response that will facilitate 
excretion of the excess sodium. The net effect is that aldosterone can contribute 
to the maintenance of sodium balance without interfering with potassium 
homeostasis. 


| 2 Potassium is retained because the renal disease has impaired the efficiency 

of potassium excretion. The elevation in the plasma potassium concentra- 
tion will tend to increase potassium excretion both by direct effects on the cortical 
collecting duct and by stimulating the release of aldosterone. The plasma potas- 
sium concentration will stabilize at a higher than normal concentration that is 
sufficient to increase the rate of excretion to match daily intake. These compensa- 
tory responses cannot normalize the plasma potassium concentration, since a 
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variable degree of chronic hyperkalemia is required to provide the signal for these 
adaptations to persist. 


Since 98% of the body potassium is in the cells, most of the retained potas- 

sium will enter the cells. Electroneutrality will be maintained in part by the 
movement of cellular hydrogen and sodium out of the cells; the ensuing intracel- 
lular alkalosis in the renal tubular cells will diminish both acid secretion and 
ammonium generation (see Chapter 5). 


| 4 | The fall in the plasma potassium concentration itself will tend to diminish 

potassium secretion and increase potassium reabsorption by activating 
H*-K*-ATPase pumps in the luminal membrane of the cortical collecting duct. 
Within 1 to 2 weeks, these potassium-retaining forces will exactly balance the 
potassium-losing effect of the diuretic and a new steady state will be achieved. 
At this time, intake and output will again be equal but the plasma potassium 
concentration will be reduced due to the potassium lost before equilibrium was 
reestablished. In addition to the natriuretic response to the diuretic, increased 
urine flow and distal sodium delivery also return to match intake once steady 
state is obtained (Chapter 4). 


Diarrhea tends to induce a metabolic acidosis (due to bicarbonate loss in 
the diarrheal fluid), leading to a low bicarbonate concentration and extra- 
cellular pH. In comparison, both diuretics and vomiting are associated with a high 
plasma bicarbonate concentration and metabolic alkalosis. Urinary potassium 
excretion should be persistently reduced (<25 mEq/day) with extrarenal losses 
due to diarrhea but may be elevated with diuretics if the urine sample is obtained 
while the diuretic is still acting or with vomiting if the patient has bicarbonaturia 
(which should be associated with a urine pH above 7.0). 
The plasma renin activity is of no diagnostic value in this setting. All three 
conditions lead to volume depletion and an appropriate increase in renin release. 
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URINALYSIS AND 
APPROACH TO THE 
PATIENT WITH RENAL 
DISEASE 


Ie A 67-year-old man has previously been well and has no past history of kidney 
disease. A plasma creatinine concentration drawn 3 months ago was relatively nor- 
mal at 1.1 mg/dL and the urinalysis was unremarkable. Over the past month, the 
patient has noted easy fatigability and mild but persistent back pain. During the 
past week, his appetite began to diminish and he experienced a 3-lb weight loss. 

Physical examination shows an ill-appearing man but no specific abnormali- 
ties are found. Laboratory data reveal the following: 


BUN = 110 mg/dL (9-25) 

Creatinine = 8.4 mg/dL (0.8-1.4) 

Hematocrit = 25% (previous value normal at 41%) 
Urinalysis = trace protein by dipstick, no cells or casts 


in the sediment 


197 


198 Renal Pathophysiology: The Essentials 


y; By the end of this section, you should have an understanding of each 
A of the following issues: 


| m The different types of proteinuria and how they are detected. 
-mB The distinction between glomerular and extraglomerular bleeding. 
E m The difference between acute and chronic renal disease. 

| m The general correlation between the different patterns of urinary 


findings and certain disease states. 

m The meaning of the urine sodium concentration and the fractional 
excretion of sodium (FENa), and how they are used to distinguish 
between prerenal disease and acute tubular necrosis as the cause of 
acute renal failure. 


Patients with renal disease can present to the physician in a number of differ- 
ent ways. Some have symptoms that are directly related either to the urinary 
tract (such as flank pain or gross bleeding that turns the urine red) or to asso- 
ciated extrarenal findings induced by the renal disease (such as edema or 
hypertension). However, many patients are asymptomatic and the presence 
of underlying renal disease is incidentally discovered when routine labora- 
tory tests reveal an elevated plasma creatinine concentration or an abnormal 
urinalysis. 

The major types of renal disease are grouped according to the following 
commonly used functional classification: 


= Prerenal disease, in which reduced renal perfusion is the primary 
abnormality. 

= Postrenal disease, in which obstruction at some site in the urinary tract 
partially or completely blocks the flow of urine. 

= Intrinsic renal disease, which can be caused by glomerular, vascular, or 
tubulointerstitial disorders. 


The major causes of renal disease, most of which will be discussed in the 
following chapters, are listed in Table 8.1. 

Once the presence of renal disease has been documented, the primary 
goals are to establish the correct diagnosis and to assess the severity of the 
renal dysfunction. The initial approach to diagnosis begins with the history, 
physical examination, and careful evaluation of the urine. As will be seen, 
some urinary findings are virtually pathognomonic for a particular type of 
disease. Even a relatively normal urinalysis is a positive finding, since it can 
help to narrow the differential diagnosis. The severity of renal dysfunction 
is primarily assessed by estimating the glomerular filtration rate via mea- 
surement and serial monitoring of the plasma creatinine concentration 


CHAPTER 8 Urinalysis and Approach to the Patient with Renal Disease 499 


TABLE 8.1 


Most Common Causes of Renal Disease 


I. Postrenal—urinary tract obstruction; need to exclude early in the 
evaluation 
A. Prostatic disease 
B. Pelvic or retroperitoneal adenopathy or malignancy 
C. Renal or ureteric calculi (bilateral) 
D. Congenital abnormalities 


Il. Prerenal 

A. Volume depletion caused by gastrointestinal, renal, skin, or 
third-space losses 

B. Congestive heart failure in which there is a primary reduction in 
cardiac output 

C. Hepatic cirrhosis in which splanchnic vasodilation leads to pooling in 
the splanchnic system and underperfusion of other organs 

D. Nonsteroidal anti-inflammatory drugs, which can induce 
vasoconstriction in susceptible subjects by blocking the synthesis 
of renal vasodilator prostaglandins 

E. Bilateral renal artery stenosis, often made worse by the use of 
an angiotensin-converting enzyme inhibitor that interferes with 
autoregulation of the glomerular filtration rate 

F. Shock due to sepsis, fluid loss, or cardiac disease 
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lll. Intrinsic Disease 
A. Glomerular disease 
1. Glomerulonephritis 
2. Nephrotic syndrome 
B. Vascular disease 
1. Benign or malignant hypertensive nephrosclerosis 
2. Systemic vasculitis 
3. Thrombotic microangiopathy in the hemolytic-uremic syndrome, 
thrombotic thrombocytopenic purpura, and scleroderma 
C. Tubular disease 
1. Acute tubular necrosis 
. Myeloma kidney 
. Hypercalcemia (also causes afferent vasoconstriction) 
. Polycystic kidney disease 
. Interstitial nephritis 
a. Acute, usually drug-induced interstitial nephritis 
b. Acute pyelonephritis (infection of the renal parenchyma) 
c. Chronic pyelonephritis, usually due to vesicoureteral reflux 
d. Analgesic nephropathy, lithium nephropathy 


AWN 
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and calculation of the estimated GFR (eGFR) or the measured creatinine 
clearance (see Chapter 1). The urinalysis is of variable importance in eval- 
uating the severity and activity of the renal injury. In glomerular diseases, 
for example, the presence of heavy proteinuria and an active urine sediment 
with many red cells and casts generally reflect more severe disease than mild 
proteinuria or a few cells and casts. 

However, this relationship between the urinary findings and disease 
severity does not always apply. When acute inflammation in the glomeruli 
(called glomerulonephritis) resolves, there may be a transition to chronic dis- 
ease with marked scarring. At this time, the urinalysis typically becomes less 
abnormal (due to diminished inflammation) despite progressive nephron 
loss and eventually a decline in GFR. 


Urinalysis 


Analysis of the urine should be performed on a fresh specimen within 30 
to 60 minutes after voiding. A midstream specimen is adequate after first 
cleansing the external genitalia to avoid contamination with local secretions. 
The stage in the menstrual cycle should also be noted, since active menses 
can lead to blood contamination of the urine sample. 

The fresh urine should be centrifuged at 3,000 rpm/min for 3 to 5 minutes. 
Most of the supernatant should then be poured into a separate tube and the 
sediment at the bottom of the tube resuspended by gently flicking the side of 
the tube. The sediment should be poured or transferred with a pipette onto a 
slide and covered with a cover slip. Both the supernatant and the sediment 
are now ready for detailed analysis. 

Evaluation of the supernatant usually begins with a dipstick that can test 
for the following, as well as for protein excretion: 


= pH—the pH of the urine normally ranges between 5 and 6.5, depending 
primarily upon dietary intake. Measurement of the urine pH is generally 
of little clinical importance except in two settings. First, a urine pH above 
7.5 to 8 suggests a urinary tract infection with a urea-splitting organism 
and the nitrite test should also be positive. The metabolism of urea can 
raise the urine pH by driving the reaction—NH, + H* <> NH;—to the right, 
thereby lowering the free hydrogen concentration and raising the urine 
pH. Second, the urine pH should be below 5.3 (maximally acid) in a patient 
with metabolic acidosis, since excreting more acid will tend to normal- 
ize the extracellular pH. A urine pH above 5.5 in this setting suggests an 
impairment in the acidification process, due most often to one of the forms 
of renal tubular acidosis (see Chapter 6). 

= Glucose—Glucose is detectable in the urine primarily in patients with 
hyperglycemia due to inadequately controlled diabetes mellitus. In this set- 
ting, the filtered glucose load is increased to a level that exceeds proximal 
glucose reabsorptive capacity, resulting in glucosuria. Rarely, glucosuria 
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is noted with a normal plasma glucose concentration; this finding, called 
renal glucosuria, is indicative of a proximal tubular defect in glucose reab- 
sorption and may be seen in combination with other proximal tubular 
defects (bicarbonaturia; see Chapter 6). 

= Ketones—Patients with uncontrolled diabetes mellitus also may have 
ketoacidosis. B-Hydroxybutyric acid is the primary ketone formed, but 
acetoacetic acid and acetone are also present. Only the latter two com- 
pounds are detected by the dipstick, which will therefore tend to underes- 
timate total ketone excretion. 

= Nitrite—Dietary nitrate is normally excreted in the urine. If, however, 
bacteria are present and there is adequate contact time (as in a specimen 
obtained when the patient first voids in the morning), then urinary nitrate 
can be partially converted to nitrite. Thus, a positive dipstick for nitrite is a 
reasonably good screening test for a urinary tract infection. 

= Heme—A positive test for heme is usually indicative of red cells being 
present in the urine, a finding that must be confirmed by examination of 
the urine sediment. In addition to hemoglobin in red cells, the dipstick 
can also detect free heme proteins as with hemoglobinuria due to intra- 
vascular hemolysis and myoglobinuria due to skeletal muscle breakdown 
(rhabdomyolysis). In the latter two conditions, however, the supernatant 
will be heme positive but there will be few or no red cells in the urine 
sediment. 


Proteinuria 


The glomerular capillary wall allows the relatively free filtration of smaller, 
low molecular weight proteins (such as immunoglobulin light chains and 
amino acids) but restricts the filtration of larger macromolecules (such as 
albumin and IgG). The factors responsible for these permselective properties 
of the glomerular capillary wall are reviewed in Chapter 9. What is important 
for the purposes of this discussion is to be familiar with the three different 
types of proteinuria that may be seen: 


= Glomerular proteinuria—Glomerular proteinuria refers to an increase 
in the permeability of the glomerular capillary wall that leads to the 
abnormal filtration and subsequent excretion of larger, normally nonfil- 
tered proteins such as albumin. This problem can be seen with any form of 
glomerular disease. 

= Tubular proteinuria—Low molecular weight proteins are normally 
filtered and then largely reabsorbed in the proximal tubule. (The small 
amounts of albumin that are filtered are also mostly reabsorbed at this site.) 
Tubulointerstitial diseases that impair tubular function can interfere with 
this reabsorptive process, resulting in increased excretion of these smaller 
proteins. Tubular proteinuria is not a clinically important disorder unless 
accompanied by other defects in proximal function, potentially leading 
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to problems such as metabolic acidosis (from bicarbonate wasting) and 
hypophosphatemia and rickets (from phosphate wasting). 

= Overflow proteinuria—In some conditions, increased production of 
smaller proteins leads to a rate of filtration that exceeds normal proximal 
reabsorptive capacity. This occurs most commonly with overproduction of 
monoclonal immunoglobulin light chains in multiple myeloma and other 
plasma cell dyscrasias. 


Limitations of the Dipstick 


The dipstick commonly used in the initial evaluation of the urine is impreg- 
nated with a dye that changes color according to the quantity of proteins pres- 
ent, particularly albumin. Although the dipstick is reasonably accurate for 
the detection of glomerular proteinuria (see below), it will miss nonalbumin 
proteins such as immunoglobulin light chains. Similarly, periodic measure- 
ments of urinary microalbumin on random urine are the standard for moni- 
toring patients for the development of diabetic nephropathy. However, this 
assay will also miss nonalbumin proteins in the urine that would be detected 
with a total protein determination or a urinary immunoelectrophoresis. An 
older beside test using sulfosalicylic acid added to the urine supernatant will 
detect all proteins, with the degree of turbidity noted being proportional to 
the protein concentration. 


What factor other than the rate of albumin excretion will affect 

the urine albumin concentration and therefore the intensity of 

the reaction on the urine dipstick? What else may be measured 
1 | in the urine to correct for these variables? 


Normal Values and Quantitation 


Normal subjects usually excrete between 40 and 80 mg of protein per day, with 
the upper range of normal being 150 mg/day. A number of different proteins 
are excreted. Albumin, for example, accounts for <20 mg/day, while Tamm- 
Horsfall mucoprotein (THMPP, uromodulin) accounts for 30 to 50 mg/day. 
The latter is a protein of uncertain function that may have an immunomodu- 
latory role in preventing the development of urinary tract infections and kid- 
ney stones. The protein is secreted by the cells in the thick ascending limb of 
the loop of Henle, and it constitutes the matrix for almost all urinary casts. 
Mutations in THMP result in two autosomal-dominant disorders: typical 
familial juvenile hyperuricemic nephropathy and type 2 medullary cystic kid- 
ney disease. Both the disorders are characterized by hyperuricemia, medul- 
lary cysts, interstitial nephritis, and progressive renal failure. 

Daily protein excretion has traditionally been measured by a 24-hour 
urine collection (the gold standard). There is, however, a much more 
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FIGURE 8.1. Protein-to-creatinine ratio to estimate protein excretion. The rela- 
tionship between estimates of protein excretion on random urine determinations 
of protein and creatinine with 24-hour measurements of total protein excretion. 


convenient alternative to estimate the degree of proteinuria: calculation of 
the ratio of total protein to creatinine (in mg/mg) on a random urine speci- 
men. By normalizing the protein concentration to the amount of creatinine 
in a random sample, variations in urine protein concentration (due to vari- 
able oral intake) are avoided. The fortuitous observation that the average 
daily creatinine excretion is approximately 1,000 mg/day permits the ratio 
to approximate the 24-hour protein excretion rate. If, for example, a random 
urine specimen contains 210 mg/dL of protein and the creatinine concen- 
tration is 42 mg/dL, then the patient is excreting approximately 5 g/day per 
1.73 m? (210 + 42 =5). Figure 8.1 shows that there is good correlation between 
random urine protein/creatinine ratios and 24-hour determinations. 


Microalbuminuria 


The dipstick is relatively insensitive to initial increases in glomerular perme- 
ability, since it will not begin to be positive until protein excretion exceeds 
300 to 500 mg/day. This is a particular problem in diabetics, since advanced 
glomerular injury will already be present by this time. An alternative that 
allows much earlier detection of glomerular injury is the direct measurement 
of albumin excretion (microalbuminuria). Like the urine protein/creatinine 
ratio, the microalbumin/creatinine ratio is a valid estimate of microalbu- 
min excretion rates. The normal rate of albumin excretion is <20 mg/day 
(15 pg/min); persistent albumin excretion between 30 and 300 mg/day (20 to 
200 g/min) is called microalbuminuria and, in patients with diabetes, is 
usually indicative of diabetic nephropathy. 
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Specific Gravity and Osmolality 


The concentration of the urine supernatant can be estimated with a urom- 
eter, which measures the specific gravity of the urine. The specific gravity is 
defined as the weight of the solution compared with the weight of an equal 
volume of distilled water. Plasma, for example, is 0.8% to 1.0% heavier than 
water and therefore has a specific gravity of 1.008 to 1.010. 

The specific gravity is proportional both to the number of solute par- 
ticles present and to the weight of the solute particles present. It is, there- 
fore, different from the more accurate measurement of urine osmolality, since 
osmolality is determined only by the number of solute particles present. The 
relationship between these parameters is relatively predictable in normal 
subjects in whom the urine primarily contains urea and sodium, potassium, 
and ammonium salts; for example, a urine osmolality of 300 mOsm/kg— 
similar to that of the plasma—is equivalent to a specific gravity of 1.008 to 
1.010 (Fig. 8.2). However, there is a disproportionate increase in the spe- 
cific gravity when larger solutes are present, such as glucose (mol. wt 180) 
and radiocontrast media (mol. wt approximately 550). In these settings, the 
urine-specific gravity can exceed from 1.030 to 1.040 even though the urine 
osmolality may be only 300 mOsm/kg. 

As described in Chapter 2, the urine osmolality can vary from a low 
of 50 to 100 mOsm/kg (specific gravity 1.002 to 1.003) after a marked 
water load and subsequent suppression of ADH release to a high of 1,000 
to 1,400 mOsm/kg (specific gravity 1.030 to 1.040) with dehydration and 


Contrast media 
1.040 glucose 
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1.020 


Specific gravity 


1.010 


200 400 600 800 1,0001,200 1,400 
Osmolality (mOsm/kg) 


FIGURE 8.2. Relationship between the specific gravity and osmolality in urine 
from normal subjects. Normal urine contains little glucose or protein (shaded 
area). For comparison, the relationship between specific gravity and osmolality 
for a pure glucose solution is included. 
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maximum ADH effect. Thus, a random value is of little meaning unless 
correlated with the plasma osmolality or volume status. In the clinical set- 
ting, measurement of the urine osmolality is primarily used in the differen- 
tial diagnosis of hyponatremia, hypernatremia, or polyuria (see Chapter 3). 
It may also be helpful in distinguishing between prerenal disease (decreased 
renal perfusion) and acute tubular necrosis as the cause of acute kidney 
injury (see Chapter 11). 


Examination of Urine Sediment 


The sediment should first be inspected under a low-power objective (10x) 
with reduced light. The high, dry objective (40x) can then be used to identify 
the casts and cells that might be present. 


Casts 


Casts represent precipitated proteins and cells that form within the tubular 
lumen. As a result, they have a cylindrical shape and regular margins to con- 
form to the shape of the tubular lumen. These characteristic findings distin- 
guish casts from irregular clumps of cells or debris. 

All casts have an organic matrix comprised primarily of THMP (or uro- 
modulin). The chemical characteristics of this protein determine the con- 
ditions in which cast formation is likely to occur, a process that has been 
likened to the setting of gelatin. Casts generally form in the collecting tubules, 
the site at which the urine is most concentrated and most acidic. Urinary 
stasis, as in poorly functioning nephrons with low flow, also promotes cast 
formation. 

When the lumen is free of cells, the cast will be composed almost entirely 
of matrix. These casts are called hyaline casts and are of no diagnostic sig- 
nificance. However, cellular casts can occur if there are cells (white cells, 
red cells, epithelial cells) in the lumen as THMP precipitates. This finding 
is important clinically, since it identifies the kidney as the source of the cells 
(see Table 8.2). For example, white cells can enter the urine at any site in the 
urinary tract, from the kidney to the bladder to the urethra. However, the 
presence of casts containing white cells (called white cell casts) indicates 
inflammation in the kidney. 


Granular and Waxy Casts 


Granular and waxy casts are thought to represent successive stages in the 
degeneration of cellular casts as they flow through the nephron. In addition 
to representing cellular debris, the granules in granular casts can also repre- 
sent aggregated plasma proteins. Thus, granular casts can form in any pro- 
teinuric condition. 
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TABLE 8.2 


Correlation between Characteristic Urinary Findings and Some Major Causes 
of Acute and Chronic Renal Disease 


Urinary Findings Etiology 


Proteinuria (>3.5 g/day) | Nephrotic syndrome; diagnostic of glomerular 


and lipiduria disease (see Chapter 9) 

Proteinuria (<3.5 g/day) Nephritic syndrome; often seen with 

with dysmorphic red glomerulonephritis and vasculitis. There can 
blood cells and red blood be significant overlap of these two syndromes 
cell casts (often with (see Chapter 9) 


white blood cells as well) 


Proteinuria (<1 g/day) Can be seen with tubulointerstitial disease, vascular 
disease, hypertension, and from many etiologies 
resulting in advanced chronic kidney disease 


Renal tubular epithelial Seen in acute renal failure and suggestive of 
cells with granular and acute tubular necrosis. However, some patients 
epithelial cell casts with this disorder lack these findings and have a 


relatively normal urinalysis 


Pyuria with white cell Suggestive of some form of tubulointerstitial 

and granular casts with disease or obstruction. Can be seen with 

no or mild proteinuria acute interstitial nephritis, a disorder in which 
(<1.5 g/day) and eosinophiluria may be seen. Can also occur with 
variable hematuria urinary tract infection due to common bacteria or 


tuberculosis 


Normal or near normal— Acute: May be found in prerenal disease, urinary 
few cells with few or tract obstruction, and tubular diseases such as 
no casts and little or no hypercalcemia, multiple myeloma,? or in some 
proteinuria; hyaline casts cases of acute tubular necrosis 

are not an abnormal Chronic: May be seen in prerenal disease, 

finding urinary tract obstruction, benign hypertensive 


nephrosclerosis, and tubular or interstitial diseases 


‘The urinalysis is typically negative in myeloma kidney since the dipstick detects albumin, 
but not the immunoglobulin light chains responsible for the disease both by precipitating 
and obstructing nephrons and by directly damaging the tubular cells (see Chapter 11). 


Red Cells 


As with white cells, red cells can enter the urine (called hematuria) at any site 
in the urinary tract. The bleeding may be microscopic (seen only under the 
microscope) or grossly visible. As little as 1 mL of blood in 1 L of urine can 
induce a visible color change. 
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The most common causes of hematuria in an adult are extrarenal, 
including kidney stones, trauma, prostatic disease, and, particularly in men 
over the age of 50, cancer of the prostate, bladder, or kidney. As a result, older 
patients usually undergo a radiologic and urologic evaluation (including 
insertion of a cystoscope into the bladder) to exclude malignancy. Although 
less common, glomerular bleeding is important to identify since it can be 
associated with acute kidney injury and obviates the need for these diagnos- 
tic procedures. The following findings can be used to distinguish glomerular 
from extraglomerular bleeding: 


= Red cell casts—Red cell casts (in which red cells are contained within 
casts) are virtually diagnostic of some form of glomerulonephritis or vascu- 
litis (See Plate 8.2). However, the absence of red cell casts does not exclude 
glomerular disease. 

= Red cell morphology—Glomerular bleeding is typically associated with 
fragmentation of the red cells, leading to a dysmorphic appearance mani- 
fested by blebs, budding, and segmental loss of membrane. Both mechani- 
cal trauma as the red cells pass through rents in the glomerular capillary 
wall and osmotic trauma as the red cells pass through the different neph- 
ron segments are thought to contribute to the red cell damage. In compari- 
son, red cells that are round and uniform in size and shape (as in a normal 
peripheral blood smear) are more likely to have an extrarenal origin in the 
pelvis, ureter, bladder, prostate, or urethra (see Plate 8.1). 

= Proteinuria—Protein excretion above 500 mg/day is highly suggestive of 
intrarenal abnormalities and can be seen with both glomerular and tubular 


PLATE 8.1. Red and white cells in the urine sediment (left panel). White cells 
are about twofold larger and have a granular cytoplasm and multilobed nucleus 
(red arrows). Red blood cells are smaller and have no nucleus. For comparison 
(right panel), dysmorphic red blood cells seen in a patient with acute glomerulo- 
nephritis. Note the abnormal blebbing, irregular shape, and varied sizes that result 
from red blood cells traversing the glomerular basement membrane and from 
passaging through hypertonic medullary interstitium. 
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lesions. Proteinuria in excess of 3,000 mg/day is virtually diagnostic for a 
glomerular lesion. 

= Blood clots—Blood clots, if present in a patient with grossly visible hema- 
turia, are almost always extrarenal in origin. Clots are rarely seen with 
glomerular bleeding, perhaps due to the presence of thrombolytic factors, 
such as urokinase and tissue-type plasminogen activators in the glomeruli 
and in the tubules. 


White Cells 


White cells are larger than red cells (about twofold) and can be identified by 
their granular cytoplasm and multilobed nuclei. Urinary white cells (pyuria) 
are usually indicative of infection or inflammation at some site in the urinary 
tract. White cell casts locate the lesion to the kidney as with acute pyelone- 
phritis (an infection of the renal parenchyma) or a tubulointerstitial disease 
such as acute interstitial nephritis (see Chapter 11). Pyuria can also be seen 
with glomerular inflammation, but hematuria and proteinuria are usually 
more prominent in this setting. 

Neutrophils are usually the predominant white cell in the urine. However, 
other white cells can be seen, with eosinophils having the greatest potential 
diagnostic significance. Eosinophiluria is a frequent finding in allergic, gener- 
ally drug-induced acute interstitial nephritis, although it is not pathognomonic 
of this condition. Conversely, the absence of eosinophiluria does not exclude 
an acute allergic interstitial nephritis as other types of white blood cells may 
predominate (neutrophils, lymphocytes). Eosinophiluria can be detected by 
the use of special stains (such as Hansel’s stain) on the urine sediment. 


Epithelial Cells and Lipiduria 


Renal tubular epithelial cells are 1.5 to 3 times the size of a white cell with a 
round, large nucleus. Although epithelial cells from the lower urinary tract 
tend to be much larger with a small nucleus, the only way to be certain of 
their renal origin is if the cells are contained within a cast. 

Occasional renal epithelial cells are excreted in the urine, a probable 
reflection of a normal cell turnover. Increased numbers of epithelial cells may 
be shed into the urine in a variety of renal diseases, including tubulointer- 
stitial disorders and glomerular diseases associated with proteinuria. In the 
latter setting, the tubular cells may undergo fatty degeneration with fat drop- 
lets appearing in the cytosol; these fat-laden cells are called oval fat bodies. 
The fat droplets may also be free in the urine, where they are of the same 
size as or smaller than the red cells. They can be identified by viewing the 
urine under polarized light. Fat is doubly refractile and shows a characteris- 
tic “Maltese cross” appearance (Plate 8.2). 

The fat within the epithelial cells is probably derived from the filtra- 
tion and subsequent cellular uptake of lipoprotein-bound cholesterol. This 
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PLATE 8.2. Casts in the urine sediments. A. Granular cast. These can normally 
be seen in the urine. There are renal tubular epithelial cells, white blood cells and 
red blood cells present as well. B. Red blood cell cast. Although this cast con- 
tains tightly packed red cells, it is more common to see fewer red cells trapped 
within a hyaline or granular cast. C. Fatty cast. The fat droplets within this cast can 
be differentiated from red cells by their dark outlines and variable size. D. Under 
polarized light, the fat droplets within this cast show the characteristic “Maltese 
cross" appearance and are characteristically seen in diseases associated with the 
nephrotic syndrome. E. White blood cell cast, which can be seen with infection or 
allergic reactions. F. Muddy brown casts. These casts are named for the pigment 
giving rise to the typical color of these casts seen in the urine sediment. They are 
characteristically seen in patients with acute tubular necrosis; they contain necrotic 
debris and degenerated epithelial cells. 


o 
wn 
ise) 
o 
kZ 
(= 
© 
[= 
o 
oe 
= 
2 
= 
E 
[= 
& 
f= 
© 
a 
o 
= 
5 
9° 
2 
E= 
[s] 
© 
Q 
Q 
oe 
<L 
T 
[= 
© 
wn 
T 
=> 
© 
[= 
= 
3 
co 
fev: 
tu 
E 
a 
Ed 
T 
U 


210 Renal Pathophysiology: The Essentials 


sequence will occur only when glomerular disease leads to the filtration of 
normally nonfiltered macromolecules. Thus, lipiduria is essentially diagnos- 
tic of glomerular disease and the nephrotic syndrome. In addition to intra- 
cellular droplets, both free fat droplets and fatty casts may be seen. 


Crystals 


A variety of crystals can be seen in the urine sediment depending upon 
the urine composition, concentration, and pH (Plate 8.3). For example, 
uric acid tends to precipitate in an acidic urine (pH <5.5), while 


PLATE 8.3. Crystals in the urine sediment. A. Uric acid crystals are yellow or 
reddish-brown and are seen only in urine with an acid pH. These crystals are pleo- 
morphic, most often appearing as rhombic plates or rosettes. B. Calcium oxalate 
crystals with the characteristic “envelope” appearance; these crystals may also 
assume a dumbbell shape. C. “Coffin-lid" ammonium magnesium phosphate 
crystals form only in urine with alkaline pH. D. Cystine crystals have a character- 
istic hexagonal shape. 
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phosphate salts precipitate in an alkaline urine (pH >7.0). In comparison, 
the solubility of calcium oxalate is pH independent. 

Urinary crystals can be seen in normal subjects and are generally of 
no diagnostic importance. One major exception is the presence of cystine 
crystals with their characteristic hexagonal shape. These crystals are essen- 
tially seen only in patients with cystinuria, a hereditary disorder character- 
ized by mutations in two genes that encode a protein responsible for cystine 
and diabasic acid transport or an amino acid transporter. Mutations lead to 
impaired proximal cystine reabsorption, increased cystine excretion, and the 
formation of cystine stones. 


Normal Urine Sediment 


In addition to a small amount of protein, normal urine contains up to 
1 million red cells, 3 million white and epithelial cells, and 10,000 casts 
(almost all hyaline) per day. When a random urine specimen is examined, 
these observations translate into 0 to 4 white cells and 0 to 2 red cells per 
high-power field. Occasional calcium oxalate, uric acid, or phosphate crys- 
tals also may be seen, depending upon the urine pH. 

Although the excretion of more protein, cells, or casts may be indicative 
of underlying renal disease, it is important to appreciate that a variety of con- 
ditions (including extreme exercise and fever) can induce transient changes 
in the urine in normal subjects. How this occurs is not clear, but alterations 
in renal hemodynamics may play a contributory role. 

The frequency of transient urinary abnormalities was illustrated in 
a study of 1,000 young men who had yearly urinalyses between the ages of 
18 and 33. Hematuria was seen in 39% on at least one occasion and in 16% 
on two or more occasions in the absence of any known disease in almost all 
subjects. 


Acute versus Chronic Renal Disease 


In addition to the urinary findings, knowledge of the duration of the renal 
disease (acute versus chronic) also may be diagnostically important. This can 
be done most accurately if previous information is available. As an example, 
gross hematuria following an upper respiratory infection in a patient with a 
previously normal urinalysis is indicative of acute disease. In comparison, a 
progressive rise in the plasma creatinine concentration over several years is 
clearly indicative of chronic renal failure. 

Timing may be particularly important when a hospitalized patient 
develops acute kidney injury (defined as a recent elevation in the plasma 
creatinine concentration; Chapter 11). In this setting, it is often possible to 
identify the exact day on which the injury was sustained, since serial mea- 
surements of the plasma creatinine concentration are typically obtained. 
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A rise in the plasma creatinine concentration beginning on a specific day 
may be due to renal injury that occurred on that day (such as the onset of 
hypotension or the administration or radiocontrast media) or due to the 
cumulative effect of a renal toxin (such as an aminoglycoside antibiotic) or 
excess fluid removal with a diuretic. 


Correlation of Urinalysis with Differential 
Diagnosis 


The different types of renal disease will be reviewed in the following chapters. 
However, it is useful at this time to review briefly how the urinary findings can 
point toward a particular disease. As can be seen from Table 8.2, different pat- 
terns of urinary findings are associated with different diseases; in some cases, 
the changes seen may be virtually diagnostic for a single disorder. Examples 
include red cell casts for glomerular disease or vasculitis and, in acute kidney 
injury, renal tubular epithelial cells and multiple granular and epithelial cell 
casts for acute tubular necrosis. Even a relatively normal urinalysis is helpful 
by excluding a number of disorders, particularly glomerular diseases. 


Urine Sodium Excretion 


Estimation of the rate of sodium excretion is used in a variety of clinical set- 
tings, including the differential diagnosis of hyponatremia (see Chapter 3) 
and distinguishing between prerenal disease and acute tubular necrosis 
as the cause of acute kidney injury (see Chapter 11). The basic principle is 
that with intact tubular function, sodium retention is the appropriate renal 
response to decreased systemic and renal perfusion. As a result, the rate of 
sodium excretion should be low (usually <25 mEq/day) with effective vol- 
ume depletion causing hyponatremia or acute kidney injury. In compari- 
son, sodium excretion is normal (equal to intake) or even elevated when the 
patient is normovolemic (as with hyponatremia due to the syndrome of inap- 
propriate ADH secretion) or when renal tubular function is impaired (as with 
acute kidney injury due to acute tubular necrosis or with diuretic therapy). 

Two different methods are used to estimate sodium excretion from a 
random urine specimen: measurement of the urine sodium concentration 
and calculation of the FENa. 


Urine Sodium Concentration 


The urine sodium concentration is usually below 25 mEq/L with volume 
depletion and above 40 mEq/L with normovolemia or acute tubular necrosis. 
There is, however, substantial overlap, particularly at values between 25 and 
40 mEq/L. 
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At a given rate of sodium excretion, what additional factor will 
influence the urine sodium concentration? 


Fractional Excretion of Sodium 


Calculation of the FENa allows sodium handling to be looked at directly 
without the confounding effect of the rate of water reabsorption. The FENa 
reflects the percent of the filtered sodium load that is excreted (the concept 
of fractional excretion can be applied to any substance simultaneously mea- 
sured in the urine and blood but is most often utilized for sodium): 


Quantity of sodium excreted 
x 
Quantity of sodium filtered 


FENa (percent) = 100 


Sodium excretion is equal to the product of the urine sodium concentra- 
tion and the urine flow rate (V), while the quantity of sodium filtered is equal 
to the product of the glomerular filtration rate (estimated from the creati- 
nine clearance) and the plasma sodium concentration: 


UNa x V z 
PNa x (UCr x V/PCr) 


7 UNa x PCr 
~ PNaxUCr 


FENa (percent) = 100 


x 100 (Eq. 1) 


Patients with prerenal disease and a decline in glomerular filtration rate 
generally have an FENa that is <1%, indicating that the patient is sodium avid 
with over 99% of the filtered sodium being reabsorbed. In comparison, the 
FENa is generally above 2% when tubular reabsorption is impaired in acute 
tubular necrosis. The overlap is much less than that seen with the urine 
sodium concentration alone, since the latter is also influenced by the rate of 
water reabsorption (see Chapter 11). 


A patient with acute kidney injury has a plasma creatinine 
concentration that is continuously rising due to the fall in GFR 
and is now 3.2 mg/dL. The following additional values are 
obtained: urine sodium concentration is 35 mEq/L, plasma 


sodium concentration is 140 mEq/L, and the urine creatinine 
concentration is 160 mEq/L. Calculate the FENa. 


There is, however, an important potential problem with using the FENa 
in patients with normal GFR. Both the FENa and the urine sodium 


o 
a 
s] 
o 
p 
Q 
T 
[= 
o 
a 
= 
B 
z 
F 
[= 
i 
= 
© 
fo 
v 
E- 
5 
° 
£ 
= 
[5] 
iss} 
© 
a 
a 
<x 
ge 
[= 
S 
v 
T 
= 
S 
[= 
k= 
= 
i) 
x 
Lu 
= 
Qa 
< 
T 
U 


214 Renal Pathophysiology: The Essentials 


concentration are generally obtained in an effort to determine if a patient 
is effectively volume depleted. A urine sodium concentration below 
25 mEq/L is usually indicative of hypovolemia at any level of renal func- 
tion; as noted above, however, somewhat higher values do not exclude 
this diagnosis since there may also be a high rate of water reabsorption. 
In comparison, there is no absolute value for the FENa in volume depletion 
because this parameter is greatly influenced by the filtered sodium load, 
which in turn is dependent upon the GFR. This principle is illustrated in 
the following example. 


A patient with hyponatremia and normal renal function is 

evaluated. The patient is taking no medications. The urine 

sodium concentration is 67 mEq/L and the urine volume is 

approximately 1,500 mL on the first day. The plasma sodium 

concentration is 120 mEq/L, the plasma creatinine concentration 
is 1.0 mg/dL, and the urine creatinine concentration is 67 mg/dL. Calculate 
the FENa. From the urinary findings, is the patient volume depleted or 
normovolemic? 


Urine Volume 


The urine volume is variable in patients with renal disease and is generally 
of little diagnostic importance. Although the GFR may be reduced, the urine 
volume is determined not by the GFR alone but by the difference between 
the GFR and the amount of water reabsorbed. Thus, the urine output often 
remains normal (equal to water intake) in patients with advanced chronic 
renal disease because tubular reabsorption can be decreased to balance the 
reduction in filtered load. In numerical terms, a normal subject with a GFR of 
180 L/day must reabsorb 179 L (more than 99% of that filtered) to excrete 1 L. 
A patient with severe renal disease and a GFR as low as 10 L/day (7 mL/min) 
can also excrete 1 L if only 9 L is reabsorbed (90% of that filtered). The abil- 
ity to make this compensation is frequently impaired in acute renal failure, 
where the urine output is often less than the intake leading to progressive 
fluid retention. 

One setting in which the urine volume is important diagnosti- 
cally is when there is virtually no output (<50 mL/day), a finding that is 
called anuria. Anuria is primarily seen only in certain forms of acute kid- 
ney injury, particularly complete bilateral obstruction and marked renal 
hypoperfusion in shock. Less often, severe glomerulonephritis or bilateral 
vascular occlusion (as in the hemolytic-uremic syndrome or a dissecting 
aneurysm) may be responsible. In comparison, patients with acute tubular 
necrosis often have a reduced urine output (oliguria <400 mL/day) but are 
rarely anuric. 
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CASE DISCUSSION 


The patient presented at the beginning of the chapter has severe kidney injury 
associated with renal failure as manifested by marked elevations in the BUN and 
plasma creatinine concentration. The normal plasma creatinine concentration 
3 months previously suggests that this process is relatively acute. Easy fatigability, 
anorexia, weight loss, and anemia can be induced by the renal failure. However, 
the concurrent presence of persistent back pain raises the question of an under- 
lying malignancy. As described in the chapter, a protein/creatinine ratio or sul- 
fosalicylic acid test should be performed when there is unexplained renal failure ize 
and a negative dipstick, looking for the possible presence of immunoglobulin _ 
light chains. This patient had a 4+ sulfosalicylic acid test and was found to have 5. 
multiple myeloma. 

Other possible causes of acute renal failure with a bland urine sediment 
include prerenal disease, urinary tract obstruction (which is associated with dila- 
tation of the collecting systems that can be detected by ultrasonography), and 
hypercalcemia (Table 8.2). Both urinary tract obstruction and hypercalcemia may 
be induced by an underlying malignancy, and hypercalcemia can contribute to 
the decline in renal function in multiple myeloma (see Chapter 11). 


ANSWERS T ESTION 


EN The urine albumin concentration is proportional to the urine volume as well 

as the quantity of albumin present. For example, drinking a large volume of 
fluid will dilute the urinary protein concentration and reduce the intensity of the 
finding on the urine dipstick. Likewise, the urinary creatinine excretion will be 
reduced to a similar degree allowing variability in urine volume to be ignored in 
the estimation of daily protein excretion when both the urine protein and 
creatinine are measured on the same sample and expressed as the urine protein/ 
creatinine ratio. 


EJ The urine sodium concentration is affected by the rate of water excretion as 

well as by the rate of sodium excretion. For example, the urine sodium 
concentration will be 60 mEq/L in a patient ingesting 60 mEq of sodium and 1 L 
of water. If, however, water intake and excretion were increased to 2.5 L, the 
urine sodium concentration would fall to 24 mEq/L even though there had been 
no change in sodium excretion. 


EJ The FENa equals 0.5% [(35 x 3.2 x 100) + (140 x 160)], suggesting that 
the patient has prerenal disease with intact tubular function. 


The FENa is 0.83% [(67 x 1.0 x 100) + (120 x 67)]. Although this might 
suggest volume depletion, note that the patient is excreting a total of 
100 mEq of sodium per day (67 mEq/L x 1.5 L/day) and is therefore likely to be 
normovolemic. The apparent discrepancy relates to the effect of the filtered 
sodium load (determined primarily by the GFR) on the level of FENa that is indica- 
tive of volume depletion. A value below 1% applies to renal failure when the 
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filtered sodium load is relatively low. If, for example, the GFR is markedly reduced 
at 20 L/day (14 mL/min) and the plasma water sodium concentration is 
150 mEq/L, then the filtered sodium load is 3,000 mEq/day. To reduce sodium 
excretion to <20 mEq/day with volume depletion requires a FENa below 1%. 

The results are quite different when the GFR is relatively normal. At a GFR of 
180 L/day (125 mL/min) and a plasma water sodium concentration of 150 mEq/L, 
the filtered sodium load is much greater at 27,000 mEq/day. A FENa of 1% in 
this setting represents the excretion of 270 mEq/day, which is greater than the 
average sodium intake of 80 to 250 mEq/day. Thus, almost all normal subjects 
have a FENa below 1% as in the patient described. To reduce sodium excretion 
to <20 mEq/day requires a FENa below 0.1%. As the GFR falls in patients with 
renal disease, the FENa indicative of volume depletion (i.e. the FENa associated 
with sodium excretion below 20 mEq/day) gradually rises from 0.1% to, as noted 
above, almost 1% in near end-stage renal disease. 

These examples illustrate that the difficulty is using the FENa in settings other 
than advanced renal failure. Unless the FENa is very low (<0.1% to 0.2%), the 
approximate GFR must be known to determine if sodium is being appropriately 
conserved. 
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Case 1 
A 27-year-old man consults his family physician because of the recent onset of 
edema. He has no other relevant history and the physical examination is remark- 
able only for significant pitting edema in the lower extremities. His blood pressure 
is 135/80 mmHg. 

The blood and urine tests reveal: 


BUN = 15 mg/dL 
Creatinine =0.9 mg/dL 
Albumin = 1.7 g/dL (normal = 3.5 to 5 g/dL) 
Urinalysis = 4+ protein (by dipstick) 
i Sediment = oval fat bodies, occasional hyaline casts, rare red cells 


The total protein-to-creatinine ratio is 10.8, suggesting that daily protein excre- 
| tion is approximately 10.8 g/day per 1.73 m? body surface area (normal equals 
<150 mg/day; see Chapter 8). The kidney biopsy findings are illustrated in 
Figure 9.1. 
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FIGURE 9.1. Membranous glomerulopathy, a noninflammatory 
immune complex-mediated disease. A. The light microscopic examina- 
tion of the periodic acid-Schiff-stained section shows open capillary loops 
without inflammation. The glomerular basement membranes appear 
distinctly thickened, especially when compared with the tubular base- 
ment membranes (periodic acid Schiff stain, PAS). B. The presence of 
immunoglobulins within the thickened capillary wall is demonstrated 
in this immunofluorescence micrograph; a frozen section of the kidney 
cortex was incubated with fluorescein-tagged rabbit antibody to human 
gamma heavy chains (FITC-labeled anti-IgG). The distribution of the 
IgG-containing immune complexes is diffuse and granular and follows 
the glomerular basement membrane. Small amounts of complement are 
also detected in a similar distribution (not illustrated). C. This electron 
micrograph shows the characteristic subepithelial electron-dense depos- 
its (long arrows), which appear on the outer aspect of the glomerular 
basement membrane (GBM). Adjacent immune deposits are separated 
by extensions of the basement membrane, or “spikes”; this additional 
basement membrane material surrounds the deposits like a calyx and 
imparts to the GBM the thickened appearance. Notice an intact delicate 
fenestrated endothelial layer (End) separating the basement membrane 
from the capillary lumen (CL) and complete absence of inflammation. 
The visceral epithelial cell (Ep) has lost its interdigitating foot processes, 
which are now replaced by a continuous epithelium. Numerous microvil- 
lous cell surface extensions reach into the urinary space (US). This pattern 
of injury is characteristic for membranous nephropathy, one of the condi- 
tions in humans associated with nephrotic syndrome. 
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Case 2 


A 16-year-old girl notes the sudden onset of periorbital edema and dark maroon 
urine. This is a rather frightening experience for the patient and her parents, and 
it prompts an immediate visit to the emergency ward. 

The patient had been in good health until 2 weeks prior to consultation, 
when she developed a sore throat in connection with an upper respiratory tract 
infection. This was accompanied by persistent fever, forcing her to miss school for 
3 days. The fever and the respiratory symptoms resolved spontaneously. 

bn Physical examination revealed an elevated blood pressure of 150/105 
R> mmHg, edema of the face, and only minimal inflammation of the pharynx. 
The blood and urine tests reveal: 
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BUN =32 mg/dL 

Creatinine =2.1 mg/dL 

Albumin =3.7 g/dL 

Urinalysis = 1+ protein, many red cells (by dipstick) 

Sediment = multiple red cells (most of which have a dysmorphic 
appearance) and occasional red cell casts and granular 
casts 


The total protein-to-creatinine ratio is 1.1. 
A kidney biopsy was performed on the third day when she developed pul- 
monary infiltrates. The biopsy findings are illustrated in Figure 9.2. 


a; By the end of this chapter, you should have an understanding of each 
i of the following issues: 


s 
f 


>, m The major glomerular syndromes—nephrotic (Case 1) and nephritic 
S (Case 2)— their clinical presentation, and the structures that are the 
7 target of the disease process. 


m The mechanisms responsible for the different immune-mediated 
forms of glomerular injury. 

m The factors responsible for the different expression of immune 
complex-mediated diseases. 

m The basic structural patterns of glomerular injury and their underlying 
mechanisms. 

m The mechanisms by which the vasculature in the kidney can be 
damaged. 
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FIGURE 9.2. Diffuse proliferative glomerulonephritis, an inflammatory 
immune complex-mediated disease. A. This light micrograph shows promi- 
nent hypercellularity of the glomerular tuft due to infiltration and occlusion of 
the capillaries by polymorphonuclear (arrows) and mononuclear leukocytes. This 
pattern of injury usually affects all glomeruli, resulting in a marked reduction of 
the glomerular filtration rate and oliguria. Some of the capillaries are destroyed, 
resulting in the extravasation of red blood cells into the urine (hematuria and 
red blood cell casts) (hematoxylin and eosin stain; H&E). B. The immunofluo- 
rescence microscopy illustrated in this figure shows few discrete |gG-containing 
deposits along the capillary wall; complement components can also be found in 
a similar distribution (FITC-labeled anti-IgG). C. This electron micrograph shows 
the details of the inflammatory injury of the capillary wall. A polymorphonuclear 
neutrophil (PMN) occupies the lumen of the capillary, which has lost its endothe- 
lial lining. The inflammatory cell is in close apposition with the glomerular base- 
ment membrane. Electron-dense deposits are present on both sides of the lamina 
densa of the glomerular basement membrane (GBM): The subepithelial deposit 
with a prominent hump-like appearance (long arrow) is not likely to contribute 
significantly to the pathogenesis of the active inflammation, whereas the smaller 
subendothelial immune deposits (small arrows) are likely to trigger an active 
recruitment of inflammatory cells. These latter deposits are likely to be short lived, 
since they are efficiently removed by the “professional” leukocytes. This pattern 
of injury is characteristic of acute postinfectious glomerulonephritides that present 
with the nephritic syndrome and an active urinary sediment. The visceral epithelial 
cell (Ep) shows focal simplification of foot processes. 
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Introduction 


The kidney is similar to other organs in that it has only a limited number of 
ways to respond to injury. It is, therefore, useful to begin by reviewing the 
basic definitions that describe the histologic findings that may be seen: 


= Focal—Involving <50% of the glomeruli on light microscopy. This limita- 
tion to light microscopy is important because most glomerular diseases 
involve almost all of the glomeruli if the latter are examined by electron or 
immunofluorescence microscopy. 

= Diffuse—Involving more than 50% of the glomeruli on light microscopy. 

= Segmental—Involving part of the glomerular tuft, usually in a focal 
manner. 

= Global—Involving the entire glomerular tuft; can be seen with either focal 
or diffuse disease. 

= Membranous—Thickening of the glomerular capillary wall (GCW), usu- 
ally with distinctive basement membrane “spikes” 

= Proliferative—An increased number of cells in the glomerulus; these 
cells can be either proliferating glomerular cells or infiltrating circulating 
inflammatory cells. The term exudative is also used when there is promi- 
nent infiltration by neutrophils. 

= Membranoproliferative—The presence of thickening of the GCW with 
distinctive double contours or “tram tracks” and proliferative changes in 
the glomeruli. 

= Crescent—An accumulation of cells (mostly mononuclear cells derived 
from the circulation and proliferated parietal epithelial cells) within 
Bowman's space; crescents often compress the capillary tuft and are asso- 
ciated with a more severe and rapidly progressive disease. 

=m Glomerulosclerosis—Segmental or global capillary collapse or obsoles- 
cence with closure of the capillary lumens; it is presumed that there is little 
if any filtration across sclerotic areas. 

= Glomerulonephritis—Any condition associated with inflammation in 
the glomerular tuft. 


Nephrotic versus Nephritic Syndromes 


The two cases presented at the beginning of the chapter illustrate the char- 
acteristic clinical manifestations of the two major glomerular syndromes: 
nephrotic and nephritic. Case 1 represents a nephrotic state in which the 
major clinical finding is proteinuria with a urine sediment that is relatively 
inactive, containing few cells or casts; the target for the injury is the glomeru- 
lar visceral epithelial cell or podocyte. Some patients present with asymp- 
tomatic proteinuria that is discovered on routine examination, while others, 
such as this patient, have the full-blown nephrotic syndrome. The latter con- 
sists of heavy proteinuria (typically exceeding 3.5 g/day), hypoalbuminemia 
(due in part to the urinary losses that are not matched by increased hepatic 
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albumin synthesis), edema [due mostly to retention of sodium by the kidney 
rather than to hypoalbuminemia (see Chapter 4)], lipiduria (see Chapter 8), 
and hyperlipidemia. The last abnormality primarily reflects increased 
hepatic lipoprotein synthesis and decreased catabolism induced in an 
unknown manner by the fall in plasma oncotic pressure (which is primarily 
determined by the plasma albumin concentration). 

One of the primary concepts that must be appreciated is the difference 
between the clinical manifestations and the structural expression of the disease 
as observed on histologic examination of tissue that is usually obtained by 
percutaneous kidney biopsy (Table 9.1). For example, the nephrotic presen- 
tation generally reflects noninflammatory injury to the more distal elements 
within the GCW that can be induced by one of three basic mechanisms: 


= Injury to the glomerular epithelial cells in minimal change disease or pri- 
mary focal glomerulosclerosis (FGS); cytokines released by mononuclear 
cells may be responsible for the epithelial cell damage in this setting. 

= Immune complex formation and subsequent complement activation in the 
subepithelial space, as in membranous nephropathy; over time, the epi- 
thelial cells lay down additional basement membrane matrix around the 
deposits, which results in thickening of the glomerular basement mem- 
brane (GBM) and the membranous pattern of injury (why the subepithelial 
localization of the deposits is important for the manifestation of the dis- 
ease will be discussed in the section “Mechanisms of Glomerular Disease’). 

= Deposition diseases affecting the GCW, such as AL-amyloidosis and light 
chain deposition disease (in which abnormal circulating proteins, such 
as monoclonal immunoglobulin light chains are deposited) and diabetic 
nephropathy (in which there is dysfunction of all cells within the glomeru- 
lar tuft that results ultimately in an increased synthesis of basement mem- 
brane-like material). 


The lack of glomerular inflammation and therefore of severe acute tissue 
injury explains two other aspects of the clinical presentation of the nephrotic 
syndrome: The urine sediment is relatively inactive, containing few cells or 
cellular casts; and the plasma creatinine concentration is usually normal 
or only mildly elevated at presentation. The common structural finding in all 
nephrotic conditions is prominent and extensive damage of the glomerular vis- 
ceral epithelial cells manifested by diffuse simplification or effacement of foot 
processes, also commonly referred to as “fusion” of foot processes. Since the pri- 
mary target of the injury is the glomerular visceral epithelial cell, the podocyte, 
these conditions can be considered as primary podocytopathies. 


Nephritic Syndrome 


Although heavy proteinuria can also occur in nephritic states, the character- 
istic clinical finding is an active urine sediment containing red cells (some- 
times with gross hematuria), white cells, and cellular and granular casts, as 
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in Case 2. The prominent urinary abnormalities in this setting reflect the 
influx of circulating inflammatory cells including neutrophils, macrophages, 
monocytes, and perhaps lymphocytes. The primary site and target of the 
injury in these conditions is the more proximal layer of the capillary wall, 
namely the endothelium and the lamina rara interna. 

The type and severity of the glomerular inflammation determines 
the level of the kidney dysfunction and associated clinical manifestations 
(Table 9.1). Patients with severe glomerular injury involving most or all of 
the glomeruli with active inflammation present with a variable and usually 
sudden elevation in the plasma creatinine concentration. The fall in glo- 
merular filtration rate (GFR) in this setting reflects a decrease in the surface 
area available for filtration due to partial or complete closure of the capillary 
lumens by the inflammatory cells or by proliferating glomerular cells within 
the tuft. The sudden reduction in the rate of glomerular filtration in diseases 
with diffuse involvement of glomeruli can also induce sodium retention, 
leading sequentially to extracellular fluid volume expansion, edema, and 
hypertension. These patients usually present with a constellation of signs 
and symptoms that constitute the acute nephritic syndrome. Other inflam- 
matory diseases result mostly in a focal necrotizing and/or crescentic pat- 
tern of glomerular injury. Also, these patients present with an active urinary 
sediment; however, since the inflammatory process takes longer to get estab- 
lished, the elevation of the serum creatinine is noticed over the course of 
several days or few weeks, usually without the hemodynamic consequences 
of volume retention; in general, these patients do not develop edema or sys- 
temic hypertension. This syndrome is called rapidly progressive glomerulo- 
nephritis to differentiate it from the more sudden acute nephritic syndrome; 
the symptoms in the latter are usually noticed overnight. 

Another group of diseases presents only with focal and usually segmen- 
tal inflammation of the glomeruli; such processes typically present with 
asymptomatic hematuria, mild or even no proteinuria, and a normal plasma 
creatinine concentration and systemic blood pressure. Another noninflam- 
matory mechanism of isolated hematuria in some patients is a genetically 
determined fragility of the GBMs. 

A fifth glomerular syndrome, chronic kidney failure, is characterized by 
slowly progressive loss of function over many months or years, often associ- 
ated with increasing proteinuria and variable hematuria; advanced glomeru- 
lar, tubulointerstitial, vascular, and systemic diseases with kidney damage 
can result in this constellation of signs and symptoms, often also referred to 
as end-stage kidney disease. 

There are four primary mechanisms by which the glomerular inflamma- 
tory process and the nephritic state can be induced; these are different from 
the mechanisms responsible for the nephrotic presentation: 


= Immune complex formation and complement activation in the subendo- 
thelial space or in the mesangium as occurs in poststreptococcal glomeru- 
lonephritis, other postinfectious glomerulonephritides, immunoglobulin 
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A (IgA) nephropathy, and in some patients with lupus nephritis; circulat- 
ing monoclonal immunoglobulins associated with B-cell lymphoprolifera- 
tive disorders, plasma cell dyscrasias, or multiple myeloma can also induce 
this type of tissue injury. 

= Circulating antibodies directed against the GBM as in anti-GBM anti- 
body disease; this disorder is usually quite severe and presents with rap- 
idly progressive kidney failure and sometimes with the pulmonary-renal 
syndrome. 

= Circulating antibodies directed against neutrophil cytoplasm antigens 
(ANCA) as seen in most systemic polyangiitides; antibody-induced leuko- 
cyte activation leads to necrotizing injury and inflammation of the vascu- 
lar and GCWs. 

= Activation of complement via the alternative pathway; the dysregulation 
of complement activation is due to genetic defects of the components of 
this pathway or acquired functional interference at various steps of this 
process by autoantibodies or paraproteins. 


The common structural finding in all nephritic conditions is injury of the 
endothelium that results in active inflammation due to antibody-mediated 
binding and/or complement activation in close proximity to this cell or 
immune complex formation and deposition in the subendothelial and 
mesangial areas. The possible role of cell-mediated immunity remains uncer- 
tain in most glomerular and vascular diseases; however, this mechanism is 
clearly responsible for some interstitial nephritides and allograft rejection. 
The remainder of this chapter will discuss these mechanisms of glomerular 
and vascular disease. It is useful, however, to begin with a brief review of glo- 
merular structure and function, which helps to explain how proteinuria might 
occur and the sites at which immune deposits are likely to form. These sites 
are an important determinant of the type of disease that will ensue; as noted 
previously, subepithelial immune deposits lead to epithelial cell injury and a 
nephrotic presentation, while mesangial or subendothelial immune deposits 
typically lead to inflammation of the glomerulus and to a nephritic presentation. 


Structure and Function of the Glomerular 
Microcirculation 


The glomerular microvasculature is structurally distinct from other periph- 
eral capillaries (Fig. 9.3, left and right). The innermost aspect of the GCW, 
which is in contact with the vascular space, is covered by a fenestrated endo- 
thelium; individual fenestra measure between 70 and 100 nm or between one 
and two orders of magnitude larger than most plasma proteins. Nevertheless, 
the endothelial cells can act as part of the barrier to the filtration of anionic 
macromolecules (such as albumin) because they are covered by negatively 
charged compounds, including sialoproteins and glycosaminoglycans such 
as heparan sulfate. 
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FIGURE 9.3. Schematic representation of a glomerulus. Left: At the vascular 
pole, the afferent arteriole (AA) enters the capillary network and the efferent arte- 
riole (EA) leaves the tuft. The wall of the arterioles contains smooth muscle cells 
(SMC). The capillaries are lined internally by the fenestrated endothelium (E). The 
continuous glomerular basement membrane (GBM) anchors the endothelium and 
the epithelium. The peripheral segment of the capillary wall is covered by the vis- 
ceral epithelial cells or podocytes (PO) with their numerous extensions, the foot pro- 
cesses. The primary ultrafiltrate reaches the urinary space (US), or Bowman's space, 
which is continuous with the lumen of the proximal tubule (P). At the level of the 
vascular pole, the GBM continues to form the basement membrane of Bowman's 
capsule, which is lined by the parietal epithelial cells (PE). Right: Schematic dia- 
gram of a glomerular capillary. Note the relationships of the mesangial cell (M) and 
its mesangial matrix (MM) to the endothelium (E) and the glomerular basement 
membrane (GBM). The mesangial cell connects to the GBM by means of fibrillary 
elements. Note that the capillary lumen is separated from the mesangium only by 
the fenestrated endothelium without an interposed GBM proper. 


The endothelial cells are attached to the GBM, which is a continuous 
porous feltwork of various extracellular matrix proteins, including type IV 
collagen, laminin, fibronectin, entactin, and other negatively charged glyco- 
proteins and sulfated glycosaminoglycans. The central portion of the GBM 
is known as the lamina densa, whereas the more peripheral layers are the 
lamina rara interna (on the endothelial side) and externa (on the epithelial 
side). These less electron-dense aspects of the GBM serve as attachment 
sites for the endothelial cells and visceral epithelial cells and, as will be seen, 
they are often the site of formation or entrapment of immune complexes in 
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glomerular diseases. In addition to a-1 and &-2 collagen IV present in all 
basement membranes, the lamina densa of the GBM includes unique pep- 
tides encoded by autosomal and X-linked genes: 0-3, &-4, and &-5 collagen 
IV. It is believed that these additional collagens contribute to increased ten- 
sile strength of the GBM; defects in these genes result in molecular defects 
and structurally abnormal basement membranes. These genetic conditions 
include thin basement membrane disease and hereditary nephritis; they 
result in increased fragility of the GBM, and persistent, often familial hema- 
turia, and progressive kidney disease. 

The outermost layer of the capillary wall is made up of the visceral epi- 
thelial cells or podocytes. These are complex terminal cells with numerous 
primary, secondary, and tertiary extensions, called foot processes or pedicels 
(see Fig. 9.3). Adjacent foot processes are derived from different epithelial 
cells and are connected to each other by modified desmosomes known as 
the filtration slit diaphragms. Several key proteins are part of these struc- 
tures, including nephrin, podocin, NEPH1, p-cadherin, and FAT1, that con- 
nect the cell membrane to the cytoskeleton, which includes myosin, actin, 
and a-actinin 4. Defects in the genes that encode for some of these proteins 
result in epithelial cell dysfunction and simplification of the foot processes 
and nephrotic syndrome at birth (congenital nephrotic syndrome), steroid- 
resistant nephrotic syndrome in early childhood, or familial focal and seg- 
mental glomerulosclerosis. 

The glomerular capillary network is attached and organized around 
a central zone, the mesangium. This glomerular compartment includes an 
extracellular matrix and the mesangial cells. The mesangial matrix is similar 
in composition to the GBM but less well organized and less electron dense. 
There are two types of cells in the mesangium. The first type is an intrinsic 
glomerular cell, the true mesangial cell, with smooth muscle cell-like pheno- 
type. This cell connects to the GBM through specialized fibrillary structures 
at the site of transition from the peripheral capillary wall to paramesangial 
basement membrane (see Fig. 9.3). Failure of these complex connecting 
structures through increased intracapillary pressure or injury of the mesan- 
gial cell leads to the formation of microaneurysms and loss of the capillary 
integrity. The second cell type has phenotypic characteristics of monocytes 
and can probably be considered the equivalent of tissue macrophages or 
histiocytes. Experimental studies suggest that both types of mesangial cells 
may contribute to the development of immune-mediated glomerular dis- 
ease by secreting and by responding to a variety of cytokines (such as trans- 
forming growth factor-B), which may result in increased accumulation of 
matrix material and proliferation or recruitment of inflammatory cells in the 
mesangial space. 

The intraglomerular mesangium is continuous with the extraglomeru- 
lar lacis, which is the hilar area that occupies the space between the afferent 
glomerular arteriole, the macula densa of the distal tubule, and the efferent 
glomerular arteriole. Lacis cells in the vascular pole of the glomerular tuft 
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(also called juxtaglomerular cells) produce and secrete renin, which is stored 
in electron-dense granules. 

One important characteristic of the glomerular capillary with relevance 
for immune complex-mediated injury is that the GBM does not completely 
surround the entire circumference of the capillary. The endothelium facing 
the mesangial area attaches directly to the mesangial matrix, without an 
intervening basement membrane (see Fig. 9.3). Hence, the GBM extends from 
one peripheral GCW into an adjacent capillary, passing over the mesangium 
that holds them together. Thus, circulating immune complexes have direct 
access to the mesangium and to the subendothelial space without having to 
cross the size-selective barrier represented by the GBM. 

The factors that regulate the GFR, primarily via alterations in arterio- 
lar resistance, have been reviewed in Chapter 1. The unique structural fea- 
tures of the GCW with its fenestrated endothelium, a continuous basement 
membrane with hydrated spaces delimited by unique cross-linked basement 
membrane collagens, and the interdigitating foot processes of the podocytes 
linked by complex filtration slit diaphragms all contribute to the very high 
specific hydraulic conductivity (i.e., permeability to water and small solutes) 
of these capillaries, which is between 100 and 100,000 times higher in the 
glomerulus than in any other microvessel (the relatively open hepatic sinu- 
soid is a notable exception). 


Glomerulus as a Size-Selective and Charge-Selective 
Barrier 


In spite of the extraordinarily high permeability to water, the glomerular cap- 
illary is able to prevent virtually all but the smallest plasma proteins from 
entering the urinary space. 


A normal subject has a GFR of 180 L/day (125 mL/min), a 
plasma albumin concentration of 4 g/dL, and an albumin 
excretion rate of 20 mg. If we assume that albumin is not 
1 | reabsorbed and therefore that all the urinary albumin is derived 
from glomerular filtration, calculate the quantity of albumin 
delivered to the glomeruli each day and the fraction that is filtered. The 
patient in Case 1 has the nephrotic syndrome with the same GFR, a plasma 
albumin concentration of 1.7 g/dL, and a markedly elevated albumin 
excretion rate of 7.6 g/day (globulins account for most of the remaining 
proteins being excreted). Calculate the fractional filtration of albumin in 
this setting. 


The ultrafiltration path is entirely extracellular and includes the endothe- 
lial fenestrae, the spaces between the cross-linked components of the GBM, 
and the spaces between adjacent foot processes—the filtration slits, which 
are bridged by the filtration slit diaphragms. This entire pathway can be 
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envisioned as a cross-linked feltwork with hydrated spaces. The GCW can, 
therefore, be compared in its diffusion characteristics to a negatively charged 
chromatographic gel that interacts with circulating macromolecules by vir- 
tue of their size and charge characteristics: 


= Larger molecules are restricted more than smaller molecules. 

= Anionic molecules are restricted more than neutral or cationic molecules. 

= Crosslinked molecules with a spheroidal shape are restricted more than 
elongated rigid or flexible molecules, especially under conditions of con- 
vective transport. 


These size-selective and charge-selective characteristics are illustrated in 
Figure 9.4, which depicts experiments in which dextran macromolecules of 
different sizes and charges were infused into rats. Additional ultrastructural 
studies using labeled tracer proteins have shown that the lamina densa of 
the GBM and the filtration slit diaphragms represent the major areas of size 
selectivity in the GCW, since large macromolecules aggregate proximally to 
these sites. It has been estimated that the effective glomerular pore radius 
for spherical molecules is about 42A. In contrast, the anionic charges in the 
fenestrated endothelium and in the lamina rara interna are the primary 
sites of charge selectivity, at which the filtration of anionic macromolecules 
is restricted. 
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FIGURE 9.4. Fractional clearances (the ratio of the filtration of a substance to 
that of a substance that is freely filtered such as inulin) of anionic, neutral, and 
cationic dextrans as a function of effective molecular radius. Both molecular size 
and molecular charge are clearly important, as smaller or cationic dextrans are 
more easily filtered. 
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We can use these principles to understand why the filtration of albumin 
is so markedly restricted. Albumin has an approximate effective molecular 
radius of 36A and is highly anionic, with a net negative charge of roughly 14 
mEq/L. Thus, both size and charge contribute to the prevention of albumin 
filtration. 


Mechanisms of Glomerular Proteinuria 
Studies in humans with glomerular diseases have demonstrated that pro- 
teinuria due to increased glomerular permeability to macromolecules can 
involve both size-selective and charge-selective defects. The latter may result 
from injury to the glomerular cells that are responsible for the production of 
the glomerular polyanions such as sialoglycoproteins and heparan sulfate. 
Figure 9.5 shows the results of infusing neutral macromolecules of dif- 
fering sizes in normal subjects and in patients with the nephrotic syndrome 
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FIGURE 9.5. Fractional clearance of neutral macromolecules as a function of 
effective molecular radius in normal patients (black line) and in patients with 
the nephrotic syndrome due to membranous nephropathy (red line). There is a 
selective increase in clearance of molecules with a radius above 52A, indicative of 
a defect in the size-selective properties of the glomerular capillary wall. 
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due to membranous nephropathy. When compared with normal patients, 
nephrotic patients excrete fewer smaller molecules (radius <44A), a reflec- 
tion of the loss of filtration surface area (i.e., in the number of smaller pores) 
induced by the glomerular disease. However, there is enhanced filtration of 
larger molecules with an effective radius above 52A, suggesting the pres- 
ence of an increased number of large pores. These studies do not preclude an 
additional contribution from an impairment of the charge barrier. However, 
infusion of highly charged macromolecules to evaluate the charge barrier is 
contraindicated in humans because of potential allergic reactions and dis- 
turbances in coagulation. 

In addition to albumin, the excretion of IgG is also typically enhanced 
in the nephrotic syndrome. Circulating IgG is primarily neutral; therefore, 
the increase in its excretion in glomerular disease largely reflects a size- 
selective rather than a charge-selective defect. In view of the importance of 
the filtration slit diaphragms in the size-selective properties of the GCW, it 
is generally felt that epithelial cell injury plays an important role in the asso- 
ciated proteinuria. For example, distortion of the slit diaphragms and focal 
detachments of the epithelial cells from the GBM can be identified in most 
nephrotic patients. A schematic representation of the normal GCW and the 
diffuse epithelial cell injury in nephrotic states is given in Figure 9.6. 


Considering that the glomerulus contains both small and large 

pores, how would you explain the combination of a reduction 

in GFR (indicating less filtration of small solutes and water) and 
2 | increased filtration of albumin and other large plasma proteins? 


The amount of protein that reaches the Bowman's space through convective 
flow across the larger, nonsize-selective pores is a direct function of the intra- 
glomerular pressure. This relationship assumes clinical importance because 
a fall in protein excretion (that can exceed 50%) may be a useful marker for 
reduced intraglomerular pressure in patients with chronic kidney disease 
who are treated with antihypertensive agents or dietary protein restriction. 
Animal and human studies suggest that such a change in glomerular hemo- 
dynamics may slow the rate of progressive glomerular injury independent of 
the activity of the underlying disease. These principles are discussed in detail 
in Chapter 12. 


Mechanisms of Glomerular Disease 


Many of the mechanisms underlying kidney diseases are immune in nature. 
It is, therefore, pertinent to review briefly the basic steps involved in these 
processes. The four traditionally accepted types of immunologic diseases and 
some classical examples of the diseases caused by them are listed in Table 9.2. 
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FIGURE 9.6. Schematic representation of the glomerular capillary wall (GCW) 
under normal conditions with preserved epithelium and in proteinuric states due 
to epithelial cell injury. The imbalance of hydrostatic and colloid oncotic pressure 
differences across the GCW, two of the determinants of ultrafiltration, results in 
flow of fluid from the capillary lumen to the urinary space, represented here by 
the long single arrows. In a normal glomerulus (left side of the diagram), the 
pathway for ultrafiltration includes the endothelial fenestrae filled with negatively 
charged glycoproteins and sulfated glycosaminoglycans, the negatively charged 
glomerular basement membrane (GBM), and the spaces between adjacent foot 
processes of the visceral epithelial cell with their filtration slit diaphragm. Each of 
these layers offers a certain resistance to the flow of fluid, the sum of which is 
another key determinant of the ultrafiltration process. These numerous pathways 
represent the small pore system of the physiologists. Under these normal condi- 
tions of ultrafiltration, the negatively charged elements of the proximal layers of 
the GCW are effective in reflecting back into the circulation negatively charged 
proteins, such as serum albumin (represented by the black dots). When there 
is damage of the epithelium (right side of the diagram), the cell responds with 
retraction or “fusion” of foot processes, which results in loss of filtration surface 
and a corresponding loss of hydraulic conductivity. At the same time, defects of 
the epithelial layer appear, represented by segments of the capillary wall denuded 
of epithelium and filtration slit diaphragms. Such areas can be expected to have 
a higher hydraulic conductivity since the last resistor of the GCW is lost. Hence, 
the flow through these abnormal channels is increased (represented by the thick 
double arrows), also in part driven by the increased intracapillary hydrostatic 
pressure (P..), a hemodynamic response seen in all proteinuric conditions due 
to a relative efferent arteriolar vasoconstriction; these latter changes represent 
an attempt to restore the glomerular filtration rate and counteract the loss of 
hydraulic conductivity due to the “fusion” of foot processes elsewhere. Under 
these abnormal filtration conditions, the negative charges in the proximal lay- 
ers of the GCW become insufficient in their function to reflect back negatively 
charged and eventually all types of proteins. These abnormal large “pores” allow 
protein to escape into Bowman's space and into the tubules. In diffuse conditions, 
every nephron contributes to proteinuria, resulting in sodium chloride and water 
retention in the form of edema and the nephrotic syndrome. 
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= Type I, immediate or anaphylactic hypersensitivity, is not known to play 
a direct role in kidney diseases. This type of reaction is triggered when a 
divalent hapten or allergen cross-links IgE bound to specialized recep- 
tors for this immunoglobulin class on the surface of mast cells. While a 
direct role of IgE in kidney diseases is not known, patients with asthma 
can develop an ANCA-associated crescentic glomerulonephritis (Churg- 
Strauss syndrome), and allergic reactions to drugs can be accompanied by 
an acute interstitial nephritis, believed to be T-cell mediated. 

= Type II, antibody-mediated processes, includes three groups of diseases: 
(1) abnormalities in cell, receptor, or enzyme function induced by direct 
antibody binding; (2) the traditional antibody-directed and complement- 
mediated lysis or damage of target cells; and (3) the antibody-dependent 
cell cytotoxicity (ADCC) reactions. 

= Type III, or immune complex-mediated processes, is well represented 
among the glomerular diseases; the classical paradigm for this group is 
serum sickness. Immune complexes form in circulation elsewhere and 
then get trapped in the glomeruli, triggering active inflammation and 
eventually repair processes. 

= Type IV, or T-cell-mediated diseases, is also relevant to the pathology of the 
kidney, especially to allograft rejection and interstitial nephritis. 


Visceral Epithelial Cell Injury 


Minimal change disease and primary FGS are two common causes of the 
nephrotic syndrome that are thought to represent a similar pathogenetic 
process of differing severity. Light microscopy in minimal change dis- 
ease is essentially normal or may reveal a mild mesangial hypercellularity. 
Immunofluorescence microscopy (in which fluorescein-labeled antibodies 
directed against the different human immunoglobulins and other plasma 
proteins of interest are incubated with the kidney tissue) usually reveals 
no immunoglobulin deposition. The characteristic finding in this disorder 
is seen on electron microscopy, which demonstrates diffuse simplification 
or “fusion” of the epithelial cell foot processes (Fig. 9.7), rarely with some 
detachment of the epithelial cells from the GBM. 

The changes in primary or idiopathic FGS are similar except that light 
microscopy reveals segmental areas of capillary collapse with obliteration 
of the capillary lumens, entrapment of hyaline material in some capillaries, 
and adhesion of the tuft to Bowman's capsule; this lesion is called segmental 
glomerulosclerosis with hyalinosis (Fig. 9.8). For a definition of these terms, 
see the beginning of this chapter. 

Two findings suggest that minimal change disease and primary FGS 
result from a primary epithelial cell injury. First, only the epithelial cells 
appear abnormal on electron microscopy. Secondly, similar changes can be 
induced in experimental animals by the administration of toxins such as 
puromycin or adriamycin, which affect predominantly the glomerular epi- 
thelial cells, or by antibodies specific for various cell surface components of 
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FIGURE 9.7. Minimal change disease. A. The light microscopy shows a 
normal-appearing glomerulus. Note the open capillary lumen, open Bowman's 
space (BS), normal cellularity without inflammatory elements, and delicate 
basement membranes and mesangial matrix (PAS). B. The electron microscopy 
reveals marked degenerative changes of the glomerular visceral epithelial cell, 
with diffuse retraction and effacement of foot processes, often referred to as 
“fusion” (arrows), microvillous degeneration of the cell surface (best seen in left 
upper segment), and presence of vacuoles (V) in the cytoplasm. The immuno- 
fluorescence microscopy does not show immunoglobulin or complement deposi- 
tion (not shown). 
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the visceral epithelium. It has been suggested that primary FGS represents 
a more severe and/or prolonged insult to the epithelial cell than is present 
in minimal change disease. Although progression to kidney failure is not 
uncommon in FGS, minimal change disease is a more benign condition 
in which almost all patients enter remission with corticosteroid therapy. 
However, relapses in minimal change disease often occur when treatment is 


FIGURE 9.8. Focal and segmental glomerulosclerosis (FGS), a pattern of injury 
seen very frequently. A. The glomerulus shows segmental sclerosis of the tuft with 
disappearance of the capillary lumens, adhesion between the obsolescent part of 
the tuft and Bowman's capsule (arrows), and hyaline accumulation in isolated 
capillaries (double arrows) (PAS). B. The electron microscopy in primary or idio- 
pathic FGS shows diffuse effacement (“fusion”) of foot processes [thick arrows] 
and early hyaline deposition; this amorphous, granular material, marked by the 
thin arrows, is expanding the subendothelial space of the capillary wall that has 
lost focally its epithelial cell cover; note the denuded basement membrane with 
missing epithelium, marked by the arrowheads. C. Secondary or adaptive FGS 
in a patient with unilateral kidney agenesis and obesity is indistinguishable from 
primary FGS by light microscopy, except for enlargement of the tuft. Note again 
the adhesion of the tuft to Bowman's capsule (arrows) and the hyaline accumu- 
lation in two capillaries (double arrows) (PAS). D. Secondary or adaptive FGS; 
the foot processes of the visceral epithelial cells are largely preserved (arrows). 
E. Focal and segmental glomerular scarring in a patient with ANCA-associated 
polyangiitis. This type of lesion represents the healed stage of a focal necrotizing 
and crescentic glomerulonephritis. The scar (S) is only weakly periodic acid-Schiff 
positive, the remnants of the basement membrane matrix of the collapsed and 
fragmented tuft stains slightly stronger (arrows) (PAS). CL, capillary lumen; Ep, 
parietal epithelial cell; US, urinary space. 


(continued on next page) 
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(Continued) 


8. 


FIGURE 9 
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FIGURE 9.8. (Continued) 


discontinued. Another connection between minimal change disease and FGS 
is the observation that children with frequently relapsing steroid-responsive 
nephrotic syndrome and minimal change disease on initial examination of 
the kidney often develop focal and segmental glomerulosclerosis on subse- 
quent biopsies, while remaining steroid responsive or steroid dependent. 
What remains unclear in human disease is the nature of the epithelial 
cell “toxin; also known as the “permeability factor” The rapid recurrence of 
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proteinuria in some patients with primary FGS who undergo kidney trans- 
plantation suggests that a circulating factor is involved, perhaps a lympho- 
kine released from thymus-derived lymphocytes. While unique antibodies 
have not been identified as the specific cause of minimal change disease and 
primary FGS in humans and a precise identity of the circulating permeability 
factor remains elusive, the overall mechanism behind the diffuse epithelial cell 
abnormality most closely resembles the type II antibody-mediated cell dys- 
function (Table 9.2); the permeability factor may alternatively interfere with 
a receptor or cell surface antigen involved in transduction of signals initiated 
in the extracellular compartment. It is known, for example, that patients with 
end-stage kidney disease secondary to steroid-resistant nephrotic syndrome 
develop proteinuria after receiving a kidney allograft; these patients with 
familial disease have a defect in the gene that encodes for podocin, and dur- 
ing the posttransplant period they develop antibodies directed against this 
epithelial cell surface protein associated with the filtration slit diaphragm. 
The interaction between podocin and anti-podocin antibodies results in 
abnormalities of the visceral epithelial cells that cause proteinuria. 

Similar diffuse epithelial cell damage with “fusion” of foot processes can 
also be induced during the formation of immune complexes in the lamina 
rara externa (or subepithelial space), which is in close proximity to the epi- 
thelial cell membrane. This form of injury known as membranous glomeru- 
lopathy, however, is clearly antibody directed and complement mediated, as 
discussed below. These three processes—minimal change disease, primary 
FGS, and membranous nephropathy—have in common diffuse damage to 
the glomerular visceral epithelial cells, resulting in proteinuria. These dis- 
eases are diffuse, and we can expect that every nephron is excreting abnor- 
mal levels of proteins, which in turn leads to sodium retention, edema, and 
ultimately the full nephrotic syndrome. In contrast, diseases with only focal 
damage of the visceral epithelial cells (as in secondary FGS) also result in 
significant proteinuria, but these processes are usually not accompanied by 
edema, at least not in the early phases of the disease, since most nephrons 
are not excreting abnormal levels of protein and hence do not contribute to 
sodium retention (see Chapter 4). 


Secondary FGS 


It is important to appreciate that the light microscopic finding of focal and 
segmental sclerosis is relatively nonspecific. In addition to primary FGS, sim- 
ilar changes can be seen in two other settings: 


= As a consequence of hemodynamically mediated glomerular injury follow- 
ing nephron loss or functional adaptations related to the metabolic syn- 
drome (see Chapter 12). 

= During the healing phase of any focal inflammatory, necrotizing, or isch- 
emic glomerular injury as might occur in IgA nephropathy, lupus nephri- 
tis, or systemic vasculitis. 
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There is one histologic and one clinical finding that may allow primary and 
secondary FGS to be distinguished. The foot process fusion is diffuse in 
primary FGS but tends to be seen only in damaged glomeruli in secondary 
disease. In addition, primary FGS typically presents with the acute onset of 
the nephrotic syndrome (similar to minimal change disease) while second- 
ary FGS is a chronic disorder characterized by slowly increasing proteinuria 
over a period of years, usually without hypoalbuminemia or edema. The lack 
of edema can be explained by the focal nature of the epithelial cell abnormal- 
ity, which results in elevated levels of protein excretion and hence abnormal 
sodium retention only in some but not all nephrons. 


Immune Complex Formation 


The glomerulus is highly susceptible to the entrapment or formation of 
immune complexes. The high plasma flow rate (20% of the cardiac output), 
high intraglomerular pressure, and high glomerular hydraulic conductiv- 
ity that are required to promote filtration also increase the propensity for 
the deposition of antigens, antibodies, or antigen-antibody complexes. The 
subsequent growth of an immune complex lattice can be detected as elec- 
tron-dense aggregates by electron microscopy or as fine or coarse granules 
by immunohistochemistry (immunofluorescence microscopy or immune- 
enzymatic techniques) using antibodies against human immunoglobulin 
light and heavy chains. These immune techniques also allow us to detect 
in the tissue other proteins of the complement and coagulation systems or 
their breakdown products. 

The type of injury that is induced and the ensuing clinical manifesta- 
tions critically hinge on the location of the complexes within the GCW 
(Fig. 9.9). It is, therefore, important to review the factors that determine the 
site of immune complex formation and the structural and functional abnor- 
malities that may ensue (Table 9.3). 


Immune Complex Formation in the Lamina Rara Externa 
(or Subepithelial Space) 
Subepithelial deposits are virtually always assembled locally by the interac- 
tion of local or deposited antigen with filtered antibodies. This process has 
been called in situ immune complex formation. Deposition of circulating and 
pre-assembled immune complexes in the subepithelial space is prevented by 
the inability of these large complexes to pass through the lamina densa of the 
GBM. As will be described below, intact circulating complexes can deposit in 
the mesangium and lamina rara interna. 

Experimental studies have suggested two models for the in situ forma- 
tion of subepithelial deposits: 


® A circulating cationic antigen, which can more easily enter the GCW and 
pass through the GBM (see Fig. 9.4), is deposited in the subepithelial space, 
where its filtration into the urinary space is limited by size-restrictive 
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FIGURE 9.9. Schematic representation of three glomerular capillaries depict- 
ing the sites of immune complex formation. Subepithelial deposits are seen in 
postinfectious glomerulonephritis (7) and membranous nephropathy (2) and are 
likely to be assembled locally by an in situ mechanism. Subendothelial deposits 
(3) and mesangial deposits (4) may also form locally but are more often the 
result of passive entrapment of preformed circulating immune complexes. 
Antiglomerular basement membrane (GBM) antibodies bind in a linear pattern 
to the GBM (5), and since the specific antigen is part of the heavily cross-linked 
basement membrane, electron-dense deposits at the ultrastructural level are miss- 
ing. EN, endothelial cell; EP, visceral epithelial cell or podocyte; MC, mesangial 
cell; MM, mesangial matrix. 


properties of epithelial cell slit diaphragms. Some time later, specific anti- 
bodies directed against this entrapped antigen pass through the GBM and 
an immune lattice gradually accumulates. Such a mechanism is likely to 
operate in poststreptococcal glomerulonephritis; in this case, the glo- 
merular deposition of appropriate IgG antibodies generally occurs 10 to 
14 days after the onset of a group A, B-hemolytic streptococcal infection. 
There is reasonable evidence that cationic proteins produced by the bac- 
teria reach the GCW via the systemic circulation, deposit in the capillary 
wall, and represent the target antigens for an in situ formation of immune 
complexes in this condition. The candidate proteins are endostreptosin 
and NSAP, or nephritis strain-associated protein. 

= Alternatively, subepithelial deposits can result from the interaction between 
a filtered autoantibody and a locally generated endogenous antigen; such 
an antigen may be a protein or glycoprotein expressed on the podocyte cell 
membrane that faces the GBM. The experimental model for this process is 
called Heymann nephritis. Genetically susceptible rats are immunized with 
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TABLE 9.3 


Major Causes of Immune Complex-Mediated Glomerular Disease According 
to Site of Complex Formation and Clinical Presentation 


|. Subepithelial dense deposits that are typically associated with a nephrotic 

picture 

A. Membranous nephropathy—idiopathic and due to systemic disorders 
such as systemic lupus erythematosus, hepatitis B virus infection, and 
certain drugs including gold and penicillamine 

B. Postinfectious glomerulonephritis—the nephrotic syndrome is seen late 
in the course of the disease after subendothelial and mesangial deposits 
have been removed and the inflammation has abated 


Il. Subendothelial and mesangial dense deposits, which are associated with a 
nephritic picture 
A. Focal or diffuse proliferative lupus nephritis 
B. Postinfectious glomerulonephritis, early phase 
C. IgA nephropathy—in which prominent IgA-containing deposits 
accumulate in the mesangium 


Ill. Antiglomerular basement membrane antibody disease, which is associated 
with a rapidly progressive glomerulonephritis and typically prominent 
crescent formation 


a proximal tubule brush-border cell membrane preparation in complete 
adjuvant. Although autoantibodies are developed against many brush- 
border components, the major antigen involved in the formation of sub- 
epithelial deposits was initially characterized as a 330-kDa cell membrane 
glycoprotein called gp330 or megalin. Circulating antibodies filter in small 
amounts and initiate the formation of antigen-antibody complexes in the 
lamina rara externa, in close proximity to the epithelial cell membrane; 
these complexes are then shed into the subepithelial space. The growth of 
the immune lattice occurs by the interaction between newly expressed cell 
surface gp330 and continuously filtered anti-gp330 antibodies. 


Regardless of the mechanism, the growing complexes appear to stimulate 
the production of basement membrane components at sites where the epi- 
thelium remains attached to its basement membrane. These newly formed 
matrix components appear as characteristic “spikes” on electron microscopy 
(see Fig. 9.1) and on histologic preparations stained by silver impregnation. 
Two common examples of subepithelial deposits in humans are the 
formation of characteristic semilunar subepithelial “humps” in postinfec- 
tious glomerulonephritis (most often due to a streptococcal infection; see 
Fig. 9.2) and the more amorphous subepithelial deposits in membranous 
nephropathy (see Fig. 9.1). The name of the latter disease is a reflection of 
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the thickening of the GBM induced by new basement membrane formation 
around the immune deposits. 

As mentioned previously, it has been proposed that a cationic antigen is 
responsible for the subepithelial deposits in postinfectious glomerulonephri- 
tis. In contrast, membranous nephropathy may be a more heterogeneous 
disease, with several potential target antigens on the epithelial cell surface. 
The membranous nephropathy in humans may be viewed as a limited auto- 
immune disease similar to Heymann nephritis in rats in which autoanti- 
bodies are formed against a local epithelial cell antigen; one such epithelial 
cell target antigen has recently been identified in patients with idiopathic 
membranous nephropathy as M-type phospholipase A2 receptor, a 185-kDa 
transmembrane glycoprotein of the mannose receptor family. Another tar- 
get antigen on the epithelial cell is a neutral endopeptidase responsible for 
a congenital form of membranous glomerulopathy; this disease is caused in 
the newborn by passive transplacental immunization of the fetus by anti- 
bodies from the mother who lacks this particular enzyme. The pathogenesis 
of the membranous nephropathy in the newborn therefore bears striking 
similarities to the hemolytic disease due to Rh blood group incompatibility. 
Membranous nephropathy in systemic diseases such as systemic lupus ery- 
thematosus (SLE), hepatitis B virus, and other chronic infections may be ini- 
tiated by the deposition or planting in the lamina rara externa of a circulating 
cationic antigen. Alternatively, the autoantibodies produced in SLE may be 
directed at specific cell surface antigens similar in nature to gp330, the recep- 
tor for phospholipase A2, or the neutral endopeptidase. Chronic infections 
in susceptible hosts may also trigger the production of a limited number of 
autoantibodies directed against these or similar epithelial cell antigens. 

Subepithelial deposits are associated with injury to the epithelial cell 
that is characterized by retraction and effacement (or fusion) of foot pro- 
cesses. This process is clearly complement dependent, being mediated by the 
generation of the membrane attack complex (C5b-9). Intermediary chemo- 
tactic fragments (C3a and C5a) generated during complement activation at 
the level of the immune complexes in the lamina rara externa cannot estab- 
lish a concentration gradient against the ultrafiltration flux and are filtered 
into the urinary space and probably further processed by the tubules without 
inducing an inflammatory response. 


Clinical Manifestations. Patients who have only subepithelial deposits 
(as in membranous nephropathy) typically present with a nephrotic picture. 
Proteinuria in this setting results from complement-induced epithelial cell 
damage (leading to distortion of the slit diaphragms), but an inflammatory 
response leading to an active urine sediment does not occur because comple- 
ment is activated across the GBM at a site that is not in contact with circulating 
inflammatory cells (see Fig. 9.9). The lack of inflammatory (or phagocytic) 
cell infiltration accounts for the second clinical characteristic of this disor- 
der: Once the underlying disease is controlled, as demonstrated for drug- 
induced membranous nephropathy, removal of the subepithelial deposits 
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and therefore resolution of the proteinuria are very slow, taking months or 
even 1 to 2 years in some Cases. 


Immune Complex Formation in the Lamina Rara Interna 

(or Subendothelial Space) and the Mesangium 

An in situ mechanism of immune complex formation may also be respon- 
sible for the development of subendothelial and mesangial deposits. In this 
setting, the targets for circulating antibodies are endogenous or exogenous 
antigens (such as DNA in lupus nephritis) that are planted at these sites by 
virtue of their size, charge, and/or affinity characteristics. As an example, 
larger or weakly anionic antigens are more likely to be involved, since they 
will be less able to cross the GBM and enter the subepithelial space. 

However, subendothelial and mesangial deposits can also result from the 
entrapment of circulating intact immune complexes. Examples include lupus 
nephritis and postinfectious glomerulonephritis, disorders in which sub- 
epithelial deposits can also be formed by mechanisms described previously. 
Thus, a given disorder can lead to a spectrum of clinical disease depending on 
the nature of the antigens that are involved and the site of the immune com- 
plex deposition. Complexes located in the subendothelial space or the mesan- 
gium have access to the systemic circulation, since they are proximal to the 
GBM (see Fig. 9.9). Thus, C3a and C5a generated from complement activation 
can attract neutrophils, monocytes, and macrophages, leading to a potentially 
marked inflammatory response (see Fig. 9.2). Alternatively, immune complex 
formation in close proximity to the endothelium may result in upregulation of 
adhesion molecules as discussed below. Other mediators of this type of dam- 
age of the capillary wall include platelets and the coagulation system, trig- 
gered by the generation of Hageman factor and loss of thromboresistance of 
the damaged endothelium. It is important to realize that injury to the endo- 
thelium can not only result in active inflammation but also in thrombosis. It 
is, therefore, not infrequent to find significant overlap of inflammatory and 
thrombotic lesions in disease processes that directly involve the endothelium. 

Recent studies support the notion of the damaged endothelium as 
an active participant and regulator of the inflammatory process. Locally 
released cytokines and autocoids together with activated fragments of 
complement components have been shown to upregulate the expression of 
adhesion molecules both on the endothelium and on circulating inflamma- 
tory cells. Cytokines such as tumor necrosis factor and interleukin-1 acti- 
vate the endothelial cells, while C5a, leukotrienes, and other cytokines act 
on the inflammatory cells. The net effect is an enhanced local inflammatory 
response that results in a diffuse proliferative glomerulonephritis and the 
acute nephritic syndrome. 

When the conditions for subendothelial immune complex deposition 
continue due to persistent or episodic antigenemia (as in chronic serum 
sickness, SLE, and chronic infections), the disease process in the glomerulus 
results in the membranoproliferative pattern of injury (Fig. 9.10) and clinically 
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in persistence of the hematuric condition. This pattern of glomerular injury 
is characterized by hypercellularity of the tuft, mostly due to an increase in 
mononuclear cells within the expanded mesangium and within the lumen of 
the capillaries, and by capillary wall changes that result in double contours 
of the GBM or a “tram-track” appearance. The second additional basement 
membrane is formed by the endothelium, displaced by the presence of sub- 
endothelial immune deposits and cell projections derived from the damaged 
endothelium and potentially infiltrating macrophages. For along time, it has 


FIGURE 9.10. The membranoproliferative pattern of injury due to a disease 
with circulating immune complexes. A. By light microscopy, there is hypercellular- 
ity of the tuft due to increase in mononuclear cells, predominantly infiltrating the 
expanded mesangium (H&E). B. There is also thickening of the glomerular capillary 
wall, best visualized in this PAS stain. There are frequent double contours or base- 
ment membranes with “tram track" appearance (arrows) (PAS). C. The electron 
microscopy shows a greatly distorted and thickened capillary wall. The peripheral 
capillary wall shows, from bottom to top, the endothelial cell with its nucleus (End), 
a newly synthesized thin basement membrane (arrows), a broad layer with suben- 
dothelial electron dense deposits (D) mixed with cell projection (C) of mononuclear 
inflammatory cells and endothelial cells (in most textbooks this is called “mesangial 
cell interposition") and basement membrane-like matrix and cell debris between 
cell projections and deposits, and, finally, the original basement membrane (double 
arrows) with the distorted foot processes of the visceral epithelial cells on the top 
of the illustration. CL, capillary lumen; US, urinary space. D. Immunofluorescence 
microscopy findings in a patient with membranoproliferative glomerulonephritis 
due to hepatitis C infection. There is a coarse, irregular, and confluent deposition 
of IgM, IgG, and complement components along the peripheral capillary loops; 
shown here is the distribution of IgM deposition (FITC-labeled anti-lgM). 


(continued on next page) 
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FIGURE 9.10. (Continued) 


been erroneously believed that these cellular elements entrapped between 
the two tracks of basement membrane represent mesangial cells that would 
have been “enticed” by unknown mysterious forces to move out into the 
peripheral capillary wall to “participate in the clean-up operation.’ True 
mesangial cells do not have macrophagic capacity, but monocyte-derived 
cells do; these cells populate the mesangium and infiltrate the tuft in various 
disease conditions, especially in diseases that result in the membranoprolif- 
erative pattern of injury. 

It is worth mentioning at this point that the membranoproliferative pat- 
tern of injury is not exclusively the result of persistent subendothelial deposi- 
tion of immune complexes. Other forms of endothelial cell damage followed by 
repair can also result in the formation of double contours and hypercellularity 
of the mesangium. These other conditions fall into three general categories: 


= Defects in complement-regulatory proteins resulting in a condition called 
dense deposit disease and glomerulonephritis C3. 

= Chronic thrombotic angiopathies (described later in this chapter). 

= Glomerular diseases that result from entrapment of paraproteins, usually 
monoclonal immunoglobulins. 


Dense deposits disease, also known as hypocomplementemic glomerulo- 
nephritis of childhood, and the related and recently described glomerulo- 
nephritis C3 represent examples of inflammatory conditions of the kidney 
brought about by an uncontrolled activity of the C3 convertase of the alter- 
native pathway (C3bBb). These glomerulopathies are associated either with 
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autoantibodies directed against a component of the alternative complement 
pathway (anti-factor H, C3 nephritic factor or C3NeF, an autoantibody that 
renders the C3 convertase C3bBb less susceptible to enzymatic degradation) 
or to particular and usually homozygous defects in complement regulatory 
proteins, in particular complement factor H, factor I, or the cell-associated 
CD46 [see also the section on hemolytic-uremic syndrome (HUS) later in this 
chapter]. Microdissection studies have shown that the dense deposits in the 
glomeruli in these conditions do not contain immunoglobulins but are com- 
posed predominantly of complement components, C3 in particular. 

Paraproteins are most often but not invariably overproduced in the 
course of B-cell lymphoproliferative disorders, plasma cell dyscrasias, or 
multiple myeloma; these paraproteins include variably modified and some- 
times truncated monoclonal immunoglobulins, some of them with cryo- 
globulin characteristics, macroglobulins (monoclonal IgM), or isolated 
heavy chains or light chains. Some of these paraproteins possess unique 
but poorly defined physicochemical characteristics that result in protein 
aggregates and unusual dense deposits within the extracellular matrix of 
the kidney. These deposits can trigger an inflammatory response, often via 
complement activation, resulting in a glomerulonephritis with a membra- 
noproliferative pattern of injury or they induce an overproduction of base- 
ment membrane and mesangial matrix components. This results in the 
formation of mesangial nodules and thickening of the basement membranes 
that can be confused with the changes seen in patients with advanced dia- 
betic nephropathy. The paraproteins are usually identified as the cause of 
this process by the restricted staining for heavy and light chains on immu- 
nofluorescence microscopy. Other paraproteins not derived from B cells 
that can also deposit in the subendothelial space are the result of genetically 
encoded abnormal cell products (i.e., a defective &-1 antitrypsin) or they are 
of unknown origin (fibrillary glomerulonephritis). 

A unique set of pathogenetic mechanisms are believed to operate in a 
group of diseases characterized by IgA-containing immune complexes that 
get deposited predominantly in the mesangium and less frequently along the 
peripheral capillary wall. These diseases include IgA nephropathy, the kidney- 
limited variant, and Henoch-Schonlein purpura, a form of systemic vasculitis. 
IgA nephropathy can also occur as a complication of rheumatic diseases (anky- 
losing spondylitis), skin conditions (dermatitis herpetiformis), and gastrointes- 
tinal and liver diseases (celiac disease, inflammatory bowel disease, cirrhosis). 
These IgA-mediated processes are usually triggered by an infection of the upper 
respiratory tract or the gastrointestinal system. The mucosal immune system 
responds in these patients by producing an IgA, with a defective level of gly- 
cosylation; the cause for this defective process is currently poorly understood. 
Immune complexes form in the circulation and these macromolecular aggre- 
gates get trapped in the mesangium, where they interact with specific recep- 
tors on the mesangial cells. Under certain conditions, this interaction results in 
episodic focal and segmental proliferative or necrotizing glomerulitis (Fig. 9.11) 
and asymptomatic hematuria, or a more diffuse proliferative and sometimes 
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FIGURE 9.11. Focal necrotizing glomerulonephritis. A. The glomerulus 
depicted here shows a segmental proliferative lesion, with karyorrhexis (nuclear 
fragmentation) and early fibrinoid necrosis of the tuft (arrows). This lesion often 
antedates by few days the formation of cellular crescents (see also Fig. 9.13). This 
pattern can be seen in association with immune complex deposition, including 
IgA nephropathy, and in patients with ANCA-associated glomerulonephritis or 
polyangiitis. B. The immunofluorescence microscopy shows fibrin deposits in the 
segments affected by necrosis and inflammation (FITC-labeled anti-fibrin). 
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crescentic glomerulonephritis with a more acute nephritic or rapidly progres- 
sive clinical course. The episode of nephritis in IgA nephropathy usually occurs 
shortly within 1 to 2 days following an infection, frequently an upper respira- 
tory tract infection (hence the term synpharyngitic hematuria as opposed to 
poststreptococcal glomerulonephritis, which has an incubation time of 10 to 
14 days). The long-term response in IgA nephropathy also includes activation 
of the mesangial cell, production of growth factors, proliferation of these cells, 
and overproduction of the matrix; the result of all these processes is a mesan- 
gioproliferative pattern of glomerular injury (Fig. 9.12). 


Clinical Manifestations. The clinical manifestations associated with 
subendothelial and mesangial deposits are markedly different from the 
nephrotic pattern seen with subepithelial deposits. The local inflamma- 
tory and proliferative response in this setting results in a nephritic picture 
characterized by an active urine sediment (as described previously) and, 
depending upon disease severity, a GFR that can range from normal to 
markedly reduced (compare Cases 1 and 2 at the beginning of this chapter). 


FIGURE 9.12. Mesangioproliferative glomerulonephritis. A. The mesangium 
is expanded by excess matrix and infiltrating and/or proliferated cells. B. Often 
this pattern of injury is associated with electron-dense immune complexes depos- 
ited predominantly in the mesangial areas (arrows). C. The immunofluorescence 
microscopy shows prominent mesangial IgA deposits in patients with IgA nephrop- 
athy and Henoch-Schénlein purpura (FITC-labeled anti-lgA). CL, capillary lumen; 
Ep, epithelial cells; US, urinary space. 


(continued on next page) 
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FIGURE 9.12. (Continued) 


If, however, the underlying disease can be controlled (as in poststreptococ- 
cal glomerulonephritis), the recovery is more rapid than with subepithelial 
deposits. The inflammatory cells can remove by phagocytosis the subendo- 
thelial deposits, which are readily accessible from the circulation. However, 
severe inflammation can also be deleterious, producing irreversible cell 
injury that leads to the development of glomerulosclerosis. 
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Antibodies Directed against GBM Antigens 

Some patients develop a usually severe form of glomerulonephritis that is 
initiated by the generation of autoantibodies directed against the GBM. The 
target antigen in this disorder appears to represent a single, well-defined epi- 
tope on the noncollagenous portion of the &-3 chain of type IV collagen. In 
addition to the activation of complement and the other mediators described 
previously for subendothelial and mesangial deposits, anti-GBM antibody 
disease is also characterized by focal glomerular necrosis and prominent 
crescent formation (see Figs. 9.11 and 9.13) that are responsible for the often 


FIGURE 9.13. Focal necrotizing and crescentic glomerulonephritis due to antiglo- 
merular basement membrane (GBM) disease. A. By light microscopy, this pattern of 
injury is characterized by segmental fibrinoid necrosis of the tuft (arrows) (PAS). This 
early lesion is soon followed by the development of cellular crescents. B. This glom- 
erulus shows active inflammation and influx of mononuclear cells into the Bowman's 
space; the lesion adopts the shape of a crescent moon and hence the term cellular 
crescent. This lesion is also known as extracapillary cell proliferation (PAS). C. The 
immunofluorescence microscopy reveals characteristic linear or ribbon-like deposition 
of IgG. The cellular crescents are usually reactive for fibrin, as is the rule for acute 
inflammatory processes in general (FITC-labeled anti-IgG). D. The electron microscopy 
does not reveal electron-dense deposits in anti-GBM disease, as shown here, but other 
immune complex-mediated diseases that develop crescents show electron-dense 
deposits, usually along the peripheral capillary walls or in the mesangium. A third 
group of diseases with glomerular crescents is pauci-immune; many of these diseases 
are ANCA-associated. There is fibrin (F) in the urinary space (US) and in the capillary 
lumen (CL). E. This glomerulus shows prominent fibrin deposits between the inflam- 
matory cells within the active cellular crescent. The central area not stained for fibrin 
(arrows) is occupied by the compressed glomerular tuft (FITC-labeled anti-fibrin). 


(continued on next page) 
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FIGURE 9.13. 
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rapid development of kidney failure, hence the clinical presentation as a rap- 
idly progressive glomerulonephritis. 

The pathogenesis of this disorder is confirmed by the finding of linear 
deposition of IgG by immunofluorescence microscopy, although the circulat- 
ing anti-GBM antibodies can also be documented and measured by sensitive 
and specific enzyme-linked immunosorbent assay (ELISA) and Western blot 
techniques to establish the diagnosis and to monitor the course of disease 
activity. The anti-GBM antibodies, usually of the IgG class, bind in a relatively 
uniform manner to the cross-linked and relatively immobile GBM antigens, 
leading to a characteristic linear or ribbon-like appearance on immunoflu- 
orescence microscopy (see Fig. 9.13C). In contrast, the immune complex- 
mediated diseases described earlier in this chapter are formed by antibodies 
and relatively soluble or movable cell-associated antigens; this results in dis- 
crete electron-dense deposits assembled in either lamina rara of the GBM 
and in the mesangium by the formation of a discontinuous immune lattice, 
leading to a granular appearance on immunofluorescence microscopy. 


Crescent Formation and Cell-Mediated Immunity 


Crescents refer to the accumulation and proliferation of cells outside the glo- 
merular tuft in an extracapillary location (see Fig. 9.13B); this inflammatory 
process, if marked, can compress the glomerular tuft and produce relatively 
rapid progression and severe kidney failure. By convention, the presence of 
crescents in more than 50% of glomeruli on light microscopy is called dif- 
fuse crescentic glomerulonephritis. These disorders are typically associated 
with progressive kidney failure that ensues over a period of few weeks to sev- 
eral months and known as rapidly progressive glomerulonephritis. The early 
stages of crescentic glomerulonephritis are often characterized by segmental 
proliferative and necrotizing lesions of the glomerular tuft (see Fig. 9.13A); 
the formation of cellular crescents usually follows in few days. Eventually, 
the necrotic segments of the glomerular tuft and the cells within the cellu- 
lar crescents organize into scar tissue rich in type I collagen. This process 
eventually culminates in focal and segmental scarring of the tuft through the 
formation of fibrocellular and eventually fibrous crescents. 

The pathogenesis of crescent formation remains elusive. The primary 
event appears to be damage to the capillary wall severe enough to produce 
necrosis and rents in the GBM, thereby allowing red blood cells, fibrinogen, 
and other plasma constituents to enter Bowman's space. Thus, any severe glo- 
merular disease (almost always one of the nephritic conditions in Table 9.1) 
can lead to crescent formation, although anti-GBM antibody disease or one 
of the ANCA-associated disorders (see below) is more often responsible for a 
focal necrotizing and crescentic glomerulonephritis. 

The early necrotizing lesions of the glomerulus are often preceded in 
experimental models by infiltration of mononuclear cells, probably large 
granular lymphocytes that may in part represent natural killer (NK) cells. 
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Other models have pointed at the activated leukocytes as important partici- 
pants of the endothelial cell injury directed and conditioned by an autoan- 
tibody against an antigen of neutrophil granule. The crescentic lesions that 
ensue are composed of fairly aggressive mononuclear cells, such as lympho- 
cytes and activated macrophages, and proliferating parietal epithelial cells 
that normally line Bowman's capsule. Epithelioid and multinucleated giant 
cells derived from circulating monocytes may also be present in the crescent, 
suggesting a similarity of this process to a granulomatous reaction. It is, there- 
fore, likely that crescents are an expression of either an ADCC, a delayed-type 
hypersensitivity reaction (cell-mediated immune injury), or a combination of 
these immune processes (Table 9.2). The occurrence of crescentic variants 
in virtually all immune complex-mediated and antibody-dependent diseases 
with a nephritic presentation suggests a variable participation of a unique 
mediator or effector system dependent on antibody binding; such a mediator 
system in these aggressive glomerulonephritides might just be the NK and 
ADCC cells. 


Basement Membrane Abnormalities 


Hematuria can also result from abnormalities in the composition of the 
GBM. This pattern of glomerular injury is not a reflection of an immune 
mechanism but results from defects in the genes that encode for base- 
ment membrane collagens, or type IV molecules, and potentially other 
matrix components. Defects in these genes result in various hereditary 
syndromes. Heterozygous defects in the genes that encode for &-4 and &-3 
collagen IV result in attenuated GBMs about half the thickness of a normal 
basement membrane (Fig. 9.14A and B). Such defects are associated with 
asymptomatic and often familial hematuria with a benign clinical course 
and known as thin GBM disease. Homozygous or compound heterozygous 
defects in these genes result in a condition also characterized by persistent 
hematuria but with a progressive clinical course that eventually results in 
kidney failure, usually between the third and fifth decades of life (autoso- 
mal recessive hereditary nephritis). A rare form of autosomal-dominant 
hereditary nephritis has also been described. 

The gene that encodes for &-5 collagen IV is located on the X chromo- 
some. Heterozygous female carriers of defects in this gene often have benign 
hematuria and thin basement membranes. Affected hemizygous males also 
present with persistent hematuria in childhood; however, they develop pro- 
gressive proteinuria and kidney failure during adolescence, with end-stage 
occurring usually in their 20s or early 30s. The biopsies of these patients show, 
in addition, more disruptive changes of the GBM, with dissolution and “splin- 
tering” of the lamina densa that result in a “basket weave” appearance (see 
Fig. 9.14C). These patients also suffer from sensorineural hearing loss, lens 
abnormalities, and sometimes platelet defects. The familial conditions that 
result in hematuria and kidney failure are usually referred to as hereditary 
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FIGURE 9.14. Basement membrane abnormalities. This pattern of injury is 
usually the expression of an inherited abnormality of basement membrane col- 
lagens. A. Normal thickness glomerular basement membrane (GBM) in a normal 
kidney. B. This panel shows a capillary wall with an attenuated lamina densa of 
the basement membrane, roughly half the thickness of the normal GBM. This 
patient had familial persistent microscopic hematuria but no proteinuria and nor- 
mal glomerular filtration rate. C. The glomerular basement membranes in patients 
with X-linked Alport syndrome show fragmentation or “splintering” of the lamina 
densa; this lesion is usually seen in patients with increasing proteinuria and pro- 
gressive kidney failure. CL, capillary lumen, End, endothelium; Ep, epithelial cell; 
US, urinary space. 

(continued on next page) 
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FIGURE 9.14. (Continued) 


nephritis, either autosomal recessive (defects in 0-3 or a-4 collagen IV) or 
X-linked (defects in a-5 collagen IV). When deafness is part of the clinical 
presentation, the condition is usually known as Alport syndrome. 


Mechanisms of Vascular Injury 


The arteries and arterioles in the kidney are the site of acute or chronic 
injury and inflammation in a variety of systemic diseases. For example, 
chronic hypertension is often associated with progressive arteriolar thick- 
ening and hyalinosis that results in distal glomerular ischemia, a process 
referred to as hypertensive nephrosclerosis in most textbooks. These vas- 
cular lesions in the kidney have traditionally been ascribed to hypertension; 
however, a primary form of vascular injury, as seen in systemic sclerosis 
(scleroderma), antiphospholipid syndrome (lupus anticoagulant syndrome), 
hyperhomocysteinemia, other procoagulant states, cocaine abuse and use 
of drugs with toxicity for cells of the vascular wall, and hyperuricemia may 
also be considered the immediate cause of the vascular scarring. The sys- 
temic hypertension could then be seen as an expected consequence of the 
relative ischemia of the kidney due to narrowing of the intrarenal vascular 
tree, similar in nature to the pathophysiology seen in bilateral renal artery 
stenosis. Such a relationship between procoagulant states, vascular injury, 
hypertension, and end-organ damage is well established also for the pla- 
centa and the fetus in women who present clinically with severe complica- 
tions in late pregnancy. 
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From the viewpoint of mechanisms of disease, it is useful to review the 
pathogenesis of two types of vascular disorders: inflammation of the blood 
vessels in the various forms of systemic vasculitis or polyangiitis and a loss of 
thromboresistance in the thrombotic angiopathies. Both of these groups of 
diseases have a frequent and very damaging expression in the kidney. 


Systemic Vasculitis and Antineutrophil Cytoplasmic 
Antibodies 


Inflammatory processes of the arteries can involve vessels of varying sizes, 
ranging from those of large caliber to the smaller arterioles and capillaries. 
The renal manifestations of this systemic process vary with the type of vessel 
affected: 


= The large vessel arteritides, such as the classic form of polyarteritis nodosa, 
often result in kidney infarcts and distal glomerular ischemia, producing a 
decline in kidney function that may be associated with a normal or near- 
normal urinalysis since there is no glomerular inflammation. 

= A completely different pattern occurs when the glomerular tuft is directly 
affected by a small vessel vasculitis, such as in various microscopic poly- 
angiitides, formerly known as the microscopic form of polyarteritis 
nodosa, Wegener's granulomatosis, and Churg-Strauss syndrome, the lat- 
ter in patients with asthma. These disorders are characterized on biopsy 
by focal necrotizing glomerular lesions and frequent crescent formation 
(see Fig. 9.13A and B), and clinically by an active nephritic urine sediment 
in the setting of a rapidly progressive kidney failure. Unlike anti-GBM dis- 
ease that shows linear IgG binding and the crescentic variants of various 
immune complex-mediated glomerulopathies that reveal granular immu- 
noglobulin deposits, an ANCA-associated crescentic glomerulonephritis 
does not show significant immunoglobulin deposition in the glomerulus, 
hence the term pauci-immune crescentic glomerulonephritis. 


The presence of vasculitis is usually suspected from the combination of 
a rapidly progressive glomerulonephritis and extrarenal findings, such as 
arthritis, arthralgias, myalgias, and fatigue. In some cases, however, there 
is no evidence for a systemic involvement. Most of these patients have cir- 
culating autoantibodies—antineutrophil cytoplasm antibodies, or ANCA. 
These autoantibodies were first detected by indirect immunofluorescence 
microscopy using neutrophils as the target cells, but the more specific and 
quantitative ELISA technique is now preferred. The immunofluorescence 
microscopy reveals two distinct patterns that reflect antibodies to different 
neutrophil antigens: 


= Antibodies with a diffuse cytoplasmic reactivity, or C-ANCA; these antibod- 
ies are directed against a cytoplasmic serine protease called proteinase 3, 
hence the term PR3-ANCA. 

= Antibodies with a perinuclear reactivity, or P-ANCA; these antibodies are 
usually directed against a lysosomal myeloperoxidase, or MPO-ANCA. 
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Patients with Wegener's granulomatosis usually test positive for PR3-ANCA, 
whereas those with microscopic polyangiitis or the renal-limited pauci- 
immune crescentic glomerulonephritis can present with either C-ANCA or 
P-ANCA. There seems to be very little ANCA positivity in other renal or extra- 
renal diseases; a notable exception is patients with anti-GBM disease—30% of 
them are also positive for ANCA. Low levels of P-ANCA can also be detected 
in some patients with SLE, while a different nonmyeloperoxidase form of 
P-ANCA (anti-elastase and others) has been detected in patients with scleros- 
ing cholangitis, ulcerative colitis, and Crohn's disease. ANCA and a systemic 
polyangiitis can also be the expression of an autoimmune process induced by 
drugs; hydralazine, propylthiouracil, penicillamine, minocycline, and street 
cocaine (through the admixture of levamisole) are the most frequent culprits. 

The plasma ANCA titers do not always parallel the activity of the disease, 
yet ANCA is a useful serologic marker of a group of diseases. It also seems clear 
now that these antibodies directly mediate the vascular injury. Target anti- 
gens for ANCA are expressed on the cell surface of neutrophils and monocytes 
when these leukocytes are stimulated by cytokines. In vitro studies in which 
neutrophils were incubated with ANCA obtained from patients with active 
polyangiitis have shown that these cells undergo a respiratory burst, release 
oxygen-free radicals, undergo a degranulation reaction, and then adhere to 
cultured endothelial cells and cause direct injury and cell death. This process 
involves both Fc and FAB’2 interaction. This reaction is greatly enhanced after 
priming of the neutrophils with tumor necrosis factor, a possible explanation 
for exacerbations of systemic vasculitis following acute infections. 


Thrombotic Angiopathies 


A completely different response is elicited in other disease processes collec- 
tively referred to as the thrombotic angiopathies or microangiopathies. The 
basic problem in these disorders occurs at the level of the endothelium or the 
platelet. For reasons that are not always completely understood, the injured 
endothelial cell loses its natural thromboresistance, leading sequentially 
to platelet activation and the deposition of platelet and, to a lesser degree, 
fibrin thrombi in the lumen of the affected vessels (Fig. 9.15); fibrin deposi- 
tion is also present in the lumen, subintima, and media of arterial vessels. 

A classical clinical syndrome develops when the process is systemic 
and widespread. The primary features include thrombocytopenia due to 
increased consumption of platelets, signs of a microangiopathic hemolytic 
anemia (hemolysis with schistocytes and other fragmented cells in the 
peripheral smear), and a variable decline in kidney function. This triad has 
been called the hemolytic-uremic syndrome (HUS) and sometimes follows an 
infection by bacteria that produce a Shiga-like toxin (diarrhea-positive HUS or 
d+HUS). Some patients also have fever and neurologic dysfunction in addition 
to thrombocytopenia, hemolysis, and kidney failure, and are considered to 
have thrombotic thrombocytopenic purpura (TTP). The distinction between 
HUS and TTP is not always easy to make (see also below), and physical 
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FIGURE 9.15. Acute thrombotic angiopathy. A. The light microscopy reveals 
glomerular capillaries occluded by eosinophilic thrombi and entrapped red blood 
cells (arrows) (H&E). B. The electron microscopy reveals a capillary occluded by 
aggregated and partially degranulated platelets (P) and a dysmorphic red blood 
cell (RBC). C. This immunofluorescence micrograph shows fibrin within the glo- 
merular capillaries (FITC-labeled anti-fibrin). US, urinary space. 

(continued on next page) 
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FIGURE 9.15. (Continued) 


agents (radiation), toxic substances (chemotherapeutic agents), and auto- 
immune processes (systemic sclerosis and antiphospholipid syndrome) can 
result in identical clinical and pathologic manifestations. Some patients will 
have a more protracted and indolent clinical course over weeks or months, 
without an overt episode of microangiopathic hemolytic anemia; the struc- 
tural findings in the kidney in such cases will show signs of remodeling of the 
GCW and “double contours” (see Fig. 9.16A and B) and sclerosis of arteries and 
arterioles with concentric layers of connective tissue alternating with cellular 
elements, resulting in a vessel with an “onionskin” appearance (Fig. 9.16C). 
Several different pathogenetic mechanisms have been shown or are 
postulated to operate in the various conditions that result in a thrombotic 
microangiopathy. 
Direct Injury to the Endothelium 
One of the common causes of the HUS is associated with a diarrheal illness in 
infants, children, or adults infected with verotoxin-producing Escherichia coli or 
other microorganisms that produce a Shiga-like toxin; these toxins are known 
to interfere with protein synthesis that results in damage of the endothelial cells 
and loss of thromboresistance. Nondiarrheal-associated HUS (d-HUS) or atypi- 
cal HUS is often a recurrent or familial disease that is caused by certain defects 
in the genes that encode for complement-regulatory proteins, in particular 
complement factor H. In atypical HUS, the damage to the endothelium occurs 
through defective binding of factor H to anionic sites of the endothelium and 
unhindered activation of complement via the alternative pathway. Acquired 
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causes of atypical HUS include autoantibodies directed at factor H or other 
complement-regulatory proteins and paraproteins that interfere with the func- 
tion of these proteins. Other genetic defects in factor H are associated with age- 
related macular degeneration and familial forms of dense deposits disease; this 
latter condition was discussed earlier in this chapter. A similar toxic damage to 
the endothelium can occur with a number of medications, including the immu- 
nosuppressive drugs such as calcineurin inhibitors, certain chemotherapeutic 
agents, such as gemcitabine and the combination of bleomycin and cisplatin, 
and with ionizing radiation used to treat malignancies or to prepare a patient 
for bone marrow transplantation. It is not clear if these agents always act inde- 
pendently or in the setting of predisposing factors, such as hereditary proco- 
agulant states. Such a “two-hit” situation is well established for other forms of 
vascular injury, such as deep vein thrombosis and pulmonary embolism, and 
severe pregnancy-related complications, including preeclampsia, abruptio pla- 
centae, some forms of stillbirth, and postpartum acute kidney failure. 


FIGURE 9.16. Chronic thrombotic angiopathy. A. This glomerulus shows only 
slight hypercellularity of the tuft but prominent thickening of the capillary walls, 
often with duplicated basement membranes or “double contours" (arrows) (PAS). 
B. The ultrastructural changes in a healed or chronic thrombotic angiopathy 
include thickening of the capillary wall, with widening of the subendothelial space 
by electron-lucent debris, duplication of the basement membrane (arrows) under 
the endothelium (End), and cell fragments (C) embedded in this matrix; there are 
no electron-dense deposits in the glomerular capillary wall in these disorders. Ep, 
visceral epithelial cell; US, urinary space. C. Small arteries and arterioles show an 
occluded lumen by swollen cells and the tunica media reveals concentric layers of 
basement membrane material and cells, in a classical “onionskin” pattern (arrows). 
Note also a hypoperfused glomerulus with wrinkled basement membranes (PAS). 


(continued on next page) 
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FIGURE 9.16. (Continued) 


Direct Activation of Platelets 

There is also evidence that primary activation of platelets may be responsible 
for intravascular platelet aggregation and thrombus formation, even if the 
endothelium is intact. In many cases, an increased level of unusually large von 
Willebrand factor multimers can be identified in the circulation and might 


wn 
o 
n 
Gs 
o 
2 
(a) 
2 
i 
= 
O 
8 
= 
me} 
is; 
3 
= 
pc) 
=) 
2 
v 
f= 
2 
O 
< 
© 
= 
= 
© 
a 
n 
o 
[= 
v 
a0 
fe) 
£ 
5 
© 
fa, 
fon) 
oe 
uu 
= 
a 
< 
T 
U 


266 Renal Pathophysiology: The Essentials 


directly enhance platelet aggregation. A genetic deficiency of von Willebrand 
factor-cleaving protease (ADAMTS13) leads to familial TTP, while patients 
with autoantibodies against this protease develop sporadic or autoimmune 
TTP. This latter condition can be viewed as a type II immune disease with 
direct antibody-mediated loss of enzyme function. In TTP, the persistence in 
circulation of uncleaved multimers of von Willebrand factor released by the 
injured endothelium results in more persistent platelet aggregation. On the 
other hand, an autoantibody directed against naturally occurring inhibitors 
of platelet aggregation has been described in patients with the lupus antico- 
agulant who may present with arterial and/or venous thrombosis. 


Antibody-Mediated Endothelial Injury 

Cytotoxic antiendothelial antibodies are responsible for the intravascular and 
intraglomerular thrombus formation that is characteristically seen in hyper- 
acute and accelerated kidney allograft rejection and other forms of antibody 
or “humoral” rejection. Some of these allograft recipients have a blood group 
incompatibility and preexisting natural antibodies, or they develop antibodies 
against class I or II histocompatibility molecules or other endothelial-specific 
antigens by prior antigen exposure during pregnancy, blood transfusions, or 
prior organ transplantation. A similar situation with antibody-induced endothe- 
lial injury may occur in some children with the HUS and perhaps in other forms 
of autoimmune vascular injury such as scleroderma and overlap syndrome. 

All these vascular disorders differ fundamentally in their pathogenesis 
from disseminated intravascular coagulation, as seen following amniotic 
fluid embolism or as a consequence of snake bites, since these latter pro- 
cesses are brought about by activation of the clotting cascade usually by an 
exogenous protease; this leads to prolongation of the prothrombin time and 
partial thromboplastin time, reductions in the circulating levels of fibrino- 
gen and factors V and VIII due to sudden consumption, very high levels of 
circulating fibrin split products, and a “consumption coagulopathy” mani- 
fested by a bleeding diathesis. In comparison, the clotting factor levels tend 
to be normal in the thrombotic angiopathies, which are characterized by pri- 
mary platelet consumption; these patients present with thrombocytopenia 
and suffer from a thrombotic diathesis. 


CASE DISCUSSION 


The two clinical cases presented at the beginning of this chapter highlight the dif- 
ference in the pathophysiology and structural expression of nephrotic and nephritic 
conditions. In the first patient, there is diffuse damage to the podocytes induced 
by immune complexes that form in situ in the lamina rara externa or subepithelial 
layer of the glomerular capillary wall. These immune deposits result from the inter- 
action of autoantibodies and specific epithelial cell surface antigens. Activation of 
complement at this site results in diffuse damage to the podocytes, which in turn 
leads to diffuse effacement, retraction, or “fusion” of the foot processes. This 
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damage to the epithelium also results in capillary wall defects with denudation of 
the GBM and loss of filtration slit diaphragms. These lesions represent the site of 
abnormally high convective flow that results in protein loss into the urinary space. 
The immune complex formation also induces formation of matrix material by the 
podocyte that results in thickening of the basement membranes and a membra- 
nous pattern of injury; active inflammation is not part of this process since the 
endothelial cells are not involved. The urine sediment remains “bland”, without 
red cells or white cells; the GFR is usually maintained within the normal range. 

The second patient with post-streptococcal glomerulonephritis and the 
nephritic presentation also suffers from an immune complex disease, however, 
the site of the formation and accumulation of the immune complexes includes the =~ 
lamina rara interna, adjacent to the endothelium. Complement activation at this 
site result in endothelial cell damage, upregulation of adhesion molecules, release 
of complement-related chemotactic peptides, and active inflammation. The inflam- 
matory process results in breaks of the capillary wall that allow red blood cells and 
leukocytes to escape into Bowman's space and contaminate the ultrafiltrate. This 
results in hematuria and an active urine sediment that includes red blood cells, white 
blood cells, red cell casts, and dysmorphic red cells. The oliguria, azotemia, and 
edema in the nephritic syndrome result from the sudden loss of glomerular filtration rate 
in the setting of widespread occlusion of capillaries by the diffuse inflammatory process. 


eK 


pa ¢ 


ANSWERS T ESTION 


EN The normal subject presents 7,200 g (180 L/day x 40 g/L [note the conver- 
sion from g/dL to g/L]) of albumin to the glomerular filter. An excretion 
rate of 0.02 g/day (20 mg/day) represents a fractional excretion of 0.00028%. 
The patient with “heavy” proteinuria presents 3,060 g/day of albumin to the 
glomeruli, and an excretion of 7.6 g/day reflects a fractional excretion of 0.25%. 
Thus, even in a disease in which glomerular permeability appears to be markedly 
increased clinically, virtually all of the circulating albumin remains unfiltered. 


EJ The fall in GFR in glomerular disease reflects a reduction in the filtering 
surface area and therefore in the total number of small pores. A very small 
increase in the number of large pores will allow the passage of normally nonfil- 
tered macromolecules as in Question 1. However, the percentage of large pores 
as a function of the total number of pores is still very low; therefore, the large 
pores do not appreciably contribute to the filtration of water and small solutes. 
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TUBULOINTERSTITIAL 
DISEASES 


CASE PRESENTATION 


Case 1 
A 62-year-old woman has a history of benign hypertension, atherosclerotic car- 
diovascular disease, and bilateral cerebrovascular accidents, resulting in expres- 
sive aphasia. The patient also had a neurogenic bladder, requiring a chronic 
indwelling bladder catheter for urinary drainage. The patient has been cared for 
at home by her family. She now presents with 2 to 3 days of malaise and fever up 
to 105°F. She is hypotensive on physical examination, and the following labora- 
tory data are obtained: 


BUN = 45 mg/dL 

Creatinine = 4.4 mg/dL (baseline value is 2.0 mg/dL) 

WBC count = 16,900/mm? 

Urinalysis = 40 to 50 white cells and Gram-negative rods in the sediment 


She is treated with intravenous hydration and antibiotics and slowly returns to 
her previous baseline state (Fig. 10.1). 
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FIGURE 10.1. Acute emphysematous pyelonephritis secondary to 
hematogenous spreading by a gas-forming Gram-negative bacterium. 
A. This low-power magnification micrograph depicts the destruction 
of the normal cortical elements by an inflammatory process that has 
resulted in early abscess formation (arrows) (Jones' silver methenamine 
stain). B. The parenchyma also reveals interstitial inflammation and a 
collection of neutrophils in the lumen of distal tubules (arrows). These 
aggregates of degenerating neutrophils form pus casts (H&E). 


Case 2 

An 18-year-old woman is admitted to the hospital for elective removal of a small, 
nonfunctioning left kidney. Her past medical history is remarkable for repeated 
episodes of urinary tract infection during infancy, and, more recently, a single 
episode of acute pyelonephritis. A voiding cysto-ureterogram showed bilateral 
vesicoureteral reflux and segmental scars in both kidneys. The left kidney is much 
smaller than the right. 
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Her preoperative laboratory tests reveal: 


BUN =21 mg/dL 

Creatinine = 1.6 mg/dL 

Urinalysis = 3+ protein, 5 to 10 white cells/high power field (hpf), 
occasional hyaline casts 

24 h urine = 3.2 g of protein 


The findings of the nephrectomy specimen are depicted in Figure 10.2. 


FIGURE 10.2. Chronic pyelonephritis and reflux nephropathy. A. This 
low-power magnification micrograph depicts the classical findings of chronic 
pyelonephritis. The cortex shows marked atrophy of the tubules, with exten- 
sive cast formation (periodic acid Schiff-positive hyaline casts) that results in 
an appearance that resembles the normal follicular architecture of the thyroid 
(“thyroidization"). The medulla shows marked scarring and loss of tubular 
elements; notice the missing protruding tip of the papilla. The calix, incom- 
pletely shown here, is deformed and distended (PAS). B. Secondary focal 
glomerulosclerosis (FGS). The cortical areas not affected by atrophy and scar- 
ring (A, left lower corner) usually show hypertrophied tubules, variable arte- 
rial and arteriolar sclerosis, enlarged glomeruli, and glomeruli with segmental 
sclerosis and hyalinosis (arrow), as depicted in this micrograph (PAS). 
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Case 3 
A 42-year-old man is admitted to the hospital for general malaise and a rap- 
idly rising plasma creatinine concentration. His past medical history is remark- 
able for pulmonary tuberculosis, treated 1 year ago with rifampin and isoniazid. 
He discontinued the drugs 6 months previously. He was seen as an outpatient 
2 weeks ago for persistent productive cough, low-grade fever, and night sweats. 
A chest X-ray showed focal consolidations in the right upper lobe with two 
2.5-cm cavitations. A presumptive diagnosis of active tuberculosis was made; 
cultures were submitted and the patient was restarted on the above antitubercu- 
lous medications. His kidney function was normal. 

Two weeks later, routine laboratory tests are obtained to screen for possible 
isoniazid hepatotoxicity. Although his liver function tests are normal, the follow- 
ing findings are noted: 
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K BUN =36 mg/dL 
Creatinine = 3.8 mg/dL 
Urinalysis = 20 to 30 white cells (some of which are eosinophils), 


three to six red cells, occasional white cell and granular casts 
in the urine sediment 


A kidney biopsy was performed (Fig. 10.3). 


FIGURE 10.3. Acute interstitial nephritis, drug-induced. A. There is 
marked infiltration of the cortical interstitium by an inflammatory infil- 
trate that separates tubules (T) and glomeruli (G) in the cortex. The 
inflammation is rich in plasma cells and spares the glomerulus (H&E). 
B. Mononuclear cells usually dominate the process; often eosinophils 
and neutrophils are a prominent component of the inflammatory infil- 
trate, as shown in the lower part of this illustration. Inflammatory cells 
insinuate themselves between epithelial cells of the tubules; this process 
is referred to as “tubulitis” (H&E). C. The infiltrate in this biopsy includes 
multinucleated giant cells (arrows), resulting in a granulomatous inflam- 
mation that suggests a T-cell-dependent delayed type hypersensitivity 


ti H&E). 
ee (continued on next page) 
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FIGURE 10.3. (Continued) 


Tubulointerstitial diseases also share common pathogenetic mecha- 
nisms and morphologic expressions; however, some of these mecha- 
nisms are different from those that are responsible for the glomerular 
diseases (See Table 10.1). The primary involvement is of the tubules 

= and/or the interstitium. The previously mentioned three patients rep- 

| resent examples of three different underlying disorders. By the end of 

E this section, you should have an understanding of the following issues: 


-m The clinical manifestations that may be induced by these disorders, 
including those that are directly related to preferential tubular injury. 
m The mechanisms by which tubular and interstitial injury can occur. 


m How cyst formation might occur and how it can lead to progressive 
kidney failure in polycystic kidney disease. 
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TABLE 10.1 


Mechanisms of Tubulointerstitial Injury 


Infections 
- Acute and chronic bacterial pyelonephritis 
- Fungal infections 
- Viral diseases 
- Parasitic conditions 


Immune-Mediated Conditions 

- Cell-mediated interstitial nephritis 

- Antibody-mediated interstitial nephritis 

- Immune complex-mediated interstitial nephritis 
Toxic Injury 

- Exogenous toxins 

- Endogenous toxins 


Ischemic Damage 


Inherited Conditions 


Anatomic Relationships 


The interstitium is the narrow space between the tubules that contains small 
amounts of connective tissue elements, a few cells, and a very elaborate net- 
work of capillaries that is in close proximity to the tubules. It is important to 
recall that this capillary network derives from the efferent arterioles; further- 
more, the capillaries that emerge from the superficial and mid cortical glom- 
eruli supply cortical tubules from more than one nephron. As a result, there 
may be damage to several nephrons when a single glomerulus or the vessel sup- 
plying it succumbs to a disease process. This relationship probably accounts 
for a common clinical observation on kidney biopsy: The prognosis of kidney 
diseases correlates more closely with the severity of tubulointerstitial injury 
than with the degree of glomerular damage, even in primary glomerular 
diseases. 

Similar considerations apply to the kidney medulla. The medulla 
receives its blood supply entirely from capillaries derived from the vasa 
recta, which in turn come from the efferent arterioles of the juxtamedul- 
lary nephrons near the corticomedullary junction. In the outer medulla, 
these capillaries perfuse loops of Henle and collecting tubules from glom- 
eruli widely distributed throughout the cortex. Thus, injury to the jux- 
tamedullary glomeruli or vasculature can lead to dysfunction of tubular 
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segments from many glomeruli; if these tubules are irreversibly damaged, 
their glomeruli will ultimately fail to contribute to the glomerular filtration 
rate (GFR). 


Clinical Manifestations 


As with other forms of kidney disease discussed in preceding chapters, tubu- 
lointerstitial disorders have a variable clinical course. In some, the onset 
of the disease is rapid (as with acute tubular necrosis or acute interstitial 
nephritis [AIN]), resulting in acute or subacute renal failure that is usu- 
ally reversible. In comparison, the more chronic disorders (such as reflux 
nephropathy or polycystic kidney disease) are characterized by continued 
damage occurring over a period of months or years and a progressive decline 
in kidney function. 

The urinary findings, although variable, are of diagnostic importance 
because they reflect the pathogenesis of the underlying disease (see also 
Chapter 8): 


= The urine sediment is active in disorders characterized by acute inflam- 
mation, such as AIN or acute pyelonephritis. The primary findings are 
pyuria (including neutrophils, mononuclear cells, and, in some cases, 
eosinophils), white cell casts, and, with infection, bacteriuria. White cell 
casts, if present, are important diagnostically, because they indicate that 
the white cells are derived from the kidney rather than from some other 
site in the urinary tract. Marked hematuria and red cell casts, which are 
commonly seen in glomerulonephritis and vasculitis, are rare in tubu- 
lointerstitial disorders. 

= Acute toxic tubulopathies, as occurs with aminoglycoside-induced acute 
kidney failure, are characterized by degeneration and desquamation of 
tubular cells, leading to the appearance of epithelial cells and epithelial cell 
and granular casts in the urine sediment. The lack of interstitial inflamma- 
tion explains the absence of pyuria and white cell casts. 

= The urine sediment is typically inactive in patients with chronic tubuloin- 
terstitial disease (such as reflux nephropathy, chronic exposure to toxic 
levels of lithium, and analgesic [phenacetin] abuse nephropathy), con- 
taining a few white cells and few casts. The bland urinary findings reflect 
the interstitial fibrosis and tubular atrophy that are seen in the kidney 
biopsy. Increased excretion of low-molecular-weight proteins (such as 
B,-microglobulin), amino acids, and small peptides may be seen, since 
these smaller proteins are filtered but, due to proximal tubular injury, may 
not be normally reabsorbed and/or catabolized. This type of proteinuria 
cannot be detected by the dipstick for protein, which is relatively specific 
for albumin (see Chapter 8). 

= One additional finding that may be seen in chronic progressive and more 
advanced tubulointerstitial diseases is increasing glomerular protein- 
uria, which can exceed 3 to 4 g/day. Proteinuria in this setting reflects the 
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development of secondary or adaptive focal glomerulosclerosis induced 
by nephron loss. As described in Chapter 12, nephron loss leads to hyper- 
trophy of the tuft and hyperfiltration (mediated in part by intraglomeru- 
lar hypertension) in the remaining more normal nephrons. Although this 
response is initially adaptive in that it maximizes the total GFR, it is mal- 
adaptive over the long term, leading to progressive glomerular scarring 
and proteinuria, even though the glomeruli are not the initial target of 
the disease. 


Tubulointerstitial diseases may also be associated with well-defined syn- 
dromes that reflect dysfunction in particular nephron segments. Proximal 
tubular injury, for example, can lead to type 2 renal tubular acidosis due to 
impaired bicarbonate reabsorption and to signs of a more generalized defect 
in proximal reabsorption, resulting in hypophosphatemia, hypouricemia, 
renal glucosuria (glucose excretion in the urine despite a normal plasma glu- 
cose concentration), and aminoaciduria (Fanconi syndrome). The dysfunc- 
tion of the proximal tubule can be congenital due to several different genetic 
abnormalities of transporter systems or acquired due to toxic injury (see 
Table 10.2). 

The manifestations are different with collecting tubule dysfunction. 
Patients with this problem can present with type 1 renal tubular acidosis due 
to impaired hydrogen secretory capacity and isosthenuria and perhaps poly- 
uria resulting from a decreased concentrating ability and diminished respon- 
siveness to antidiuretic hormone. 


TABLE 10.2 


Congenital and Acquired Causes of Fanconi Syndrome 


Congenital Forms (defects Cystinosis 

of transporters) Wilson's disease 
Lowe syndrome 
Tyrosinemia type | 
Galactosemia 
Glycogen storage disease 
Hereditary fructose intolerance 


Acquired Forms (toxic injury) Expired tetracyclines 
Tenofovir 
Didanoside 
Lead intoxication 
Monoclonal light chain proteinuria 
Lysozymuria (myelomonocytic 
leukemia, systemic granulomatous 
inflammations) 
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Suppose a patient had primary injury to the kidney medulla, 
resulting in impaired function in the loop of Henle. 
Considering the functions of sodium chloride reabsorption 

1 | in this segment, what would you expect the primary clinical 
manifestations to be? 


Mechanisms of Tubulointerstitial Injury 


A variety of different mechanisms can lead to tubulointerstitial injury. The 
remainder of this chapter will review the pathogenesis of bacterial infection, 
drug-induced hypersensitivity and toxic reactions, intratubular obstruction, 
urinary tract obstruction, and cyst formation in polycystic and acquired cys- 
tic kidney diseases. 


Bacterial Infection 


Bacterial infection in the urinary tract is a relatively common clinical prob- 
lem. Bacteria can reach the kidney parenchyma and cause an infection 
(pyelonephritis) via the bloodstream (hematogenous spread) or, much more 
commonly, via ascending infection from the bladder. 


Pathogenesis 

Hematogenous pyelonephritis occurs during the bacteremic phase of a sys- 
temic infection by a relatively virulent microorganism such as Staphylococcus 
aureus. Studies in experimental animals have shown that, in the absence of 
an underlying renal lesion, it is difficult to induce an infection in the kidney 
by inoculation of bacteria into the bloodstream. The factors responsible for 
the resistance of the kidney to bacterial invasion are not known. However, 
the susceptibility to colonization and infection is increased if there are focal 
areas of hypoperfusion or incomplete or partial obstruction of the excretory 
system. 

In comparison, ascending infection is caused by organisms of relatively 
low virulence (such as Gram-negative bacteria), which are present in the 
patient’s normal fecal flora. The normal urinary tract is sterile and ascend- 
ing infections begin with the movement of these bacteria from the periure- 
thral area into the urethra and then into the bladder. In the absence of an 
anatomic lesion (such as prostatic hypertrophy), bladder infections (cystitis) 
occur primarily in females. The enhanced susceptibility of females is due to 
three factors: 


= The presence of a vaginal reservoir of bacteria, such as Escherichia coli, 
derived from the fecal flora. 

= The short female urethra, which promotes growth of colonies and passage 
of bacteria into the bladder, particularly as a consequence of intercourse. 

= The lack of prostatic fluid with antibacterial properties. 
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The net effect is that the incidence of urinary tract infection is 3% to 
5% in normal women during the reproductive age, approximately 50 times 
higher than that in normal young men. Urinary tract infections are more 
common in elderly patients and almost as likely to occur in men as in women 
in this age group. Prostatic disease is an important risk factor in older men, 
since the prostate can act as a nidus of infection, and incomplete emptying of 
the bladder due to partial urethral obstruction can prevent bacterial elimina- 
tion by voiding. 

In addition to gender, both bacterial and host factors are important 
determinants of infection by increasing adhesion of bacteria to the uroepi- 
thelial cells; in the absence of adhesion, bacterial excretion during urination 
is likely to occur. As an example, almost all bacteria that cause acute pyelo- 
nephritis in otherwise healthy women have gal-gal pili that attach to diga- 
lactoside receptors contained in glycolipids on the surface of uroepithelial 
cells; these glycolipids are part of the P blood group antigen. (These pili are 
not required for infection in abnormal urinary tracts, as with urinary tract 
obstruction or vesicoureteral reflux.) 

Studies in women who have recurrent urinary tract infections have 
shown increased adhesion of bacteria to their mucosal cells. This response 
is in part genetically determined, as the cell surface glycolipids from these 
patients more avidly bind E. coli than those from women without recurrent 
infections. 

Once bladder infection has occurred, vesicoureteral reflux plays a cen- 
tral role in the development of ascending pyelonephritis. Under normal 
circumstances, the most distal portion of the ureter is located within the 
bladder wall and traverses it at an angle. This intramural segment of the 
ureter is compressed when the pressure inside the bladder increases dur- 
ing micturition, resulting in an effective valve-like mechanism that pre- 
vents the retrograde flux of urine. This protective response is lost when 
the vesicoureteral junction is distorted due to bladder infection or to a 
congenital malformation often associated with a shortened intramu- 
ral segment. In this setting, increased bladder pressure during urina- 
tion results in the movement of infected urine into the ureter and the 
renal pelvis. 

The development of pyelonephritis requires an additional step: intra- 
renal reflux of infected urine into the kidney parenchyma. During embry- 
onic development in higher mammals, several lobes of parenchyma can 
fuse, resulting in compound papillae; this is most likely to occur at the 
upper and lower poles. Approximately two-thirds of the kidney papillae 
are compound in humans. The ducts of Bellini that end at the concave 
portion of a compound papilla do so through circular, relatively open 
orifices, particularly in children under age 7. Thus, increased intrapelvic 
pressure transmitted upstream by vesicoureteral reflux generates a force 
that promotes reflux of urine into the parenchyma at these sites. In con- 
trast, simple conical papillae are nonrefluxing, since the forces generated 
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FIGURE 10.4. Mechanisms of intrarenal reflux. On a simple conical papilla, 
shown on the left, the ducts of Bellini have slender slit-like openings. This is a 
nonrefluxing papilla. On a compound papilla, shown on the right, an increase in 
pressure (as occurs during micturition in patients with vesicoureteral reflux) results 
in forces perpendicular to the surface of the papilla; orifices on the convex surface 
act as valves and tend to close while those that open on the concave portion are 
distended, a process that allows urine and bacteria to be propelled into the kidney 
parenchyma. 


on the convex surface will tend to compress and close off the slit-like duc- 
tal orifices (Fig. 10.4). 


Symptoms 

Urinary tract infections may be asymptomatic or symptomatic. The site of 
infection primarily determines the symptoms that can be seen. Involvement 
of the lower urinary tract (urethra and bladder) is confined mostly to the 
superficial layers of the mucosa and significant tissue invasion does not usu- 
ally occur. As a result, the primary symptoms are local discomfort on urina- 
tion (dysuria) and urinary frequency and urgency; signs of systemic infection, 
such as fever and malaise, are absent. Examination of the urine sediment typ- 
ically shows bacteria and white cells (pyuria). White cell casts are not seen, 
since there is no involvement of the kidney. 

In comparison, pyelonephritis is a parenchymal process. Thus, affected 
patients typically complain of pain and tenderness over the kidney, fever, 
and chills. Bacteriuria and pyuria are again present (unless there is infection 
behind a completely obstructed kidney); white cell casts, if seen, confirm kid- 
ney involvement. 


Given the differing pathogeneses of hematogenous and 
ascending pyelonephritis, the presence or absence of which 
symptoms might help to distinguish clinically between these 
disorders? 
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Pathology 

The distribution of lesions within the kidney in acute pyelonephritis is some- 
what unpredictable, although the upper and lower poles with compound 
papillae are more frequently involved in ascending infection. The initial 
lesion is characterized by interstitial edema and neutrophilic infiltration. 
The inflammatory process in hematogenous pyelonephritis soon involves 
the tubules and spreads into the medullary segments of the nephron, where 
large collections of neutrophils can be seen filling the collecting ducts. These 
collections of cells may form white cell casts that can be seen in the urine 
sediment (see Fig. 10.1). In the presence of severe infection or delayed antimi- 
crobial therapy, there is eventual destruction of the kidney parenchyma and 
the formation of irregular abscesses and eventually scars. The glomeruli are 
usually unaffected. 

More severe injury can be seen when complicating factors are present. 
For example, diabetic vascular disease or the increased intrarenal pressure 
induced by urinary tract obstruction can lead to a critical reduction in med- 
ullary blood flow that, in the presence of infection, can induce papillary 
necrosis. 

Healing in the kidney after resolution of the infection occurs through 
transformation of the neutrophil-rich exudate into active granulation tissue. 
The final development is a scar. Scarring is more prominent and more easily 
detected by radiologic procedures (such as intravenous pyelography) in chil- 
dren with congenital vesicoureteral reflux who, as noted above, are also more 
likely to have intrarenal reflux due to open orifices of the ducts of Bellini pres- 
ent in the compound papillae. 

It is not always easy on radiologic examination to distinguish pyelone- 
phritic scars from ischemic lesions or healed infarcts. One important differ- 
ence is that ischemic scars are randomly distributed, whereas those due to 
prior infection characteristically affect the poles and are located over calyces 
that have also been distorted by the infectious process (Fig. 10.5). 


Reflux Nephropathy 


Infants with vesicoureteral reflux may have repeated episodes of infection, 
and the diagnosis and therapy are delayed or even missed because the infant 
cannot express the characteristic symptoms described previously. These 
infections can lead to significant loss of functioning parenchyma, resulting in 
the picture of chronic pyelonephritis. 

At the histologic level, the areas of tubular atrophy and interstitial fibro- 
sis characterize chronic pyelonephritis, with persistence of mononuclear cell 
inflammation and initially intact glomeruli. Older lesions are characterized 
by thinning of the cortex due to tubular atrophy, extensive cast formation 
(which gives a thyroid-like appearance to the kidney parenchyma), and the 
virtual absence of glomeruli (see Fig. 10.2). These findings are not diagnostic, 
however, since they can be seen with any form of chronic tubulointerstitial 
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FIGURE 10.5. Pyelonephritic scars characteristically affect the renal poles 
where compound papillae occur. There is atrophy of the cortical elements, 
which results in an irregular indentation of the surface of the kidney (arrows). 
The underlying tissue is scarred and the calix that drains such a papilla is 
deformed. 


injury, including vascular scars. The diagnosis of chronic pyelonephritis is 
made from the characteristic radiologic findings noted previously and the 
deformities of the pelvis and calyces; active infection is often absent at the 
time of diagnosis. 

Even if the vesicoureteral reflux disappears (spontaneously or after cor- 
rective surgery) and recurrent infection is prevented, some children develop 
progressive kidney failure, hypertension (that is induced by the chronic 
kidney disease), and proteinuria over a period of many years. These find- 
ings reflect injury to areas of the cortex that were not affected by the previ- 
ous infections. The most prominent histologic changes are compensatory 
enlargement of glomeruli, focal global and segmental glomerulosclerosis, 
and vascular disease (arterial and arteriolar sclerosis). The glomerular injury 
is a reflection of the functional and structural adaptations (intraglomerular 
hypertension and glomerular hypertrophy) that occur in response to neph- 
ron loss; this process, as described in Chapter 12, is independent of the 
activity of the underlying disease. 
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Acute Drug-Induced Interstitial Nephritis 


AIN is one of the more common causes of acute kidney failure. Acute inflam- 
mation of the interstitium has been recognized for almost 100 years as an 
occasional complication of severe systemic streptococcal, staphylococcal, 
or diphtherial infections (Councilman nephritis); a similar process has more 
recently been recognized in legionnaire’s disease and in necrotizing fasci- 
itis. At the present time, however, AIN is almost always a process unrelated 
to sepsis that reflects a drug-induced hypersensitivity-type reaction. Many 
drugs can cause this problem but the most common are the penicillins, sul- 
fonamide drugs, and nonsteroidal antiinflammatory drugs. 

Patients with drug-induced AIN typically develop kidney failure 1 to 
2 weeks after being exposed to the offending drug; preexposure to the drug 
can accelerate this process. Other signs of an allergic reaction, such as fever, 
rash, and eosinophilia, may also be present but are often absent. The urine 
sediment contains white cells, white cell casts, occasional red cells, and, in 
some cases, eosinophils, which can be detected in the sediment by special 
stains. Proteinuria, if present, is usually mild (>1 g/day) but heavy protein- 
uria and overt nephrotic syndrome have been described, particularly with 
the nonsteroidal antiinflammatory drugs. These patients have a superim- 
posed diffuse podocytopathy that is indistinguishable from idiopathic mini- 
mal change disease in addition to the tubulointerstitial inflammation. 


Pathogenesis 

The involvement of the immune system in AIN has long been suspected but 
not conclusively proven. The latent period between exposure to the drug 
and clinical onset of the disease, the accompanying eosinophilia and rash, 
the type of inflammatory reaction in the kidney, and the recurrence of the 
disease following reexposure to the offending drug all suggest an immune- 
mediated reaction. In almost all cases, however, there is no evidence for the 
participation of antibodies in the pathogenesis of this disorder. In contrast, 
the nature of the inflammatory infiltrate (which is primarily composed of 
T lymphocytes) and, in selected patients, a positive skin test to the drug 
strongly suggest a cell-mediated immune reaction. 

Several recent in vitro studies with cells isolated from various segments of 
the nephron have shown that glomerular and tubular cells have the capacity 
to process and present complex antigens and haptens to T cells when properly 
stimulated with interferon-y. Although it is as yet unproven that this occurs in 
the intact animal, in vivo studies have demonstrated that exposure to simple 
haptens directly delivered to the kidney of presensitized animals results in a 
lymphocytic or granulomatous inflammation in the interstitium in the absence 
of significant antibody production. These observations plus the prominence of 
T cells in the interstitial infiltrate are consistent with a cell-mediated process. 
Cytokines released from the invading T cells are thought to be responsible for the 
development of the minimal change disease-like picture, originally described in 
cases with nonsteroidal antiinflammatory drugs and some antibiotics. 
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Pathology 

The kidneys appear enlarged and edematous on gross examination in AIN. 
Histologically, there is a patchy or diffuse interstitial inflammatory infiltrate 
composed predominantly of lymphocytes, monocytes, macrophages, and, in 
some cases, eosinophils or neutrophils. The inflammatory cells can actively 
infiltrate between epithelial cells of the tubules, often resulting in significant 
injury to or frank necrosis of isolated cells or tubular segments. The tubular 
involvement can also result in the formation of intratubular casts containing 
intact and degenerating inflammatory cells and cellular debris. The inflam- 
matory process typically spares the glomeruli. 


Clinical Course 

Discontinuation of the offending drug usually leads to virtually complete res- 
olution of the kidney disease over a period of weeks to months. Patients with 
relatively advanced kidney failure may recover the function more quickly 
and more completely if they are also given a short course of corticosteroids. 
Irreversible chronic kidney failure is rare unless the offending drug is inad- 
vertently administered for a longer period of time. 


Drug-Induced Tubular Injury 


The kidney is vulnerable to pharmacologic, environmental, and industrial 
toxins because of its high perfusion rate and solute transport functions. With 
aminoglycoside antibiotics, for example, filtration and subsequent reabsorp- 
tion leads to marked accumulation of the aminoglycoside in lysosomes in the 
proximal tubule cells; if the exposure is sufficient, tubular injury and necrosis 
can occur (see Chapter 11). The reabsorption of 98% to 99% of the filtered 
water also can contribute to nephrotoxicity, since water-soluble drugs and 
chemicals can reach concentrations in the tubular lumen far above those in 
the plasma and other organs. 

In addition to attaining high concentrations within the kidney, some 
nephrotoxins act via the generation of highly reactive metabolites, a process 
requiring activation by enzyme systems in the tubular cells. These enzyme 
systems include the cytochrome P450 mixed-function oxidases, xanthine 
oxidase, and prostaglandin endoperoxide synthetase. Superoxide and 
hydroxyl radicals and singlet oxygen generated by these systems can react 
chemically with cytoplasmic macromolecules (proteins and nucleic acids) 
and induce injury by covalent binding. Reactive species also damage the cell 
membrane and the membranes of cytoplasmic organelles via lipid peroxida- 
tion. Superoxide dismutase and catalase can minimize this damage, while 
known scavengers such as reduced glutathione, ascorbic acid, and vitamin E 
can neutralize peroxide and other free radicals. 

A number of drugs can induce acute or chronic kidney failure via one or 
more of the above mechanisms. Among the common causes of acute kidney 
failure are antimicrobial or antiviral agents (such as the aminoglycosides, 
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pentamidine, foscarnet, and amphotericin B) and antineoplastic platinum- 
based compounds. On the other hand, chronic kidney failure can result from 
prolonged exposure to phenacetin-containing analgesics, lithium, or aris- 
tolochic acid included sometimes in Chinese herbs. 


Analgesic Abuse Nephropathy 


Analgesic abuse nephropathy is a form of chronic interstitial nephritis that 
results from excessive consumption of analgesic mixtures containing phen- 
acetin and aspirin. This complication is not known to occur with monother- 
apy with aspirin or other nonsteroidal antiinflammatory drugs. 

The etiologic link between analgesic abuse and chronic interstitial 
nephritis was first described in workers in watch factories in Switzerland and 
shortly after the influenza pandemia of 1918 in a community in Sweden in 
which the ingestion of phenacetin-containing medications became part of 
the everyday routine for many individuals. The nephrotoxicity of phenacetin- 
containing analgesics is dose-dependent. Decreased concentrating ability or 
a mild reduction in GFR can be seen after cumulative phenacetin intake of 
1 kg. In comparison, clinically evident kidney disease requires a minimum 
intake of 2 to 3 kg each of phenacetin and aspirin. This will take 6 to 8 years 
in a patient ingesting six to eight tablets (or about 1 g) of phenacetin per day. 

At its peak, estimates suggested that analgesic nephropathy was a major 
public health problem some decades ago, being responsible at that time for 
1% to 3% of cases of end-stage kidney disease in the United States as a whole, 
up to 10% in areas of North Carolina, and 13% to 20% in Australia and some 
countries in Europe (such as Belgium). The incidence of analgesic nephropa- 
thy has fallen markedly in recent years as its recognition led to the removal 
of phenacetin from most over-the-counter pain medications. However, an 
important question that remains unresolved is the renal risk of monotherapy 
with acetaminophen (Tylenol and others), which is the primary metabolite of 
phenacetin and which is now widely used as a minor analgesic. Two recent 
studies suggested that acetaminophen alone may be nephrotoxic; however, 
this was not confirmed in a third trial. 


Pathology 

The earliest lesions in analgesic nephropathy affect the vasa recta and capil- 
laries in the kidney medulla and the small vessels in the submucosa of the 
ureters and bladder. These vessels develop a characteristic thickening of 
the basement membranes, which consists of multiple layers of matrix when 
viewed under the electron microscope; this lesion closely resembles that 
seen in chronic thrombotic angiopathies (see Chapter 9). At a later stage, the 
medulla shows focal areas of necrosis with fibrosis and atrophy of tubules, 
eventually leading to widespread papillary necrosis and calcification. The 
necrotic papillae can remain in place or can be sloughed into the kidney 
pelvis, possibly leading to symptoms of urinary tract obstruction. Identical 
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damage to the medulla is seen in patients with hemoglobinopathies (sickle 
cell disease) and in diabetics with obstruction and acute pyelonephritis; here 
again, the vascular injury appears to be driving the disease process. 

The renal cortex in analgesic nephropathy and other forms of papillary 
necrosis shows tubular atrophy, interstitial fibrosis, and nonspecific inflam- 
mation. The cortical damage is thought to be secondary to nephron injury 
and obstruction in the medulla. Although the glomeruli are not directly 
affected, focal and segmental glomerulosclerosis can occur as part of the 
adaptive response to nephron loss via a mechanism similar to that noted 
previously in reflux nephropathy. 


Pathogenesis 

The pathophysiologic mechanisms responsible for analgesic nephropathy 
are not completely understood. Phenacetin and its metabolites concentrate 
(as does sodium chloride and urea) in the medullary interstitium, where they 
induce the generation of reactive metabolites. These free radicals cause cell 
injury by direct covalent binding and oxidative damage. They also appear to 
be carcinogenic, as affected patients are at increased risk for transitional cell 
carcinomas of the urinary tract and for renal cell cancer. 

Aspirin appears to potentiate the toxicity of phenacetin via one or both 
of two mechanisms. First, aspirin inhibits the production of vasodilator pros- 
taglandins, which will lower the rate of medullary blood flow and predispose 
to further ischemic injury. Secondly, aspirin inhibits the hexose monophos- 
phate shunt, which normally generates reduced glutathione, a scavenger of 
free radicals. 


Course 

The course of analgesic nephropathy depends upon whether analgesics 
are discontinued and upon the severity of the disease at diagnosis. Patients 
with relatively mild disease who discontinue therapy have stable or even 
improved kidney function. In contrast, progressive kidney failure is common 
in patients who continue analgesic therapy or in those who have suffered suf- 
ficient nephron loss to lead to progressive kidney disease and adaptive and 
secondary focal and segmental glomerulosclerosis (see Chapter 12). 


Urinary Tract and Intratubular Obstruction 


Obstruction to the flow of urine can occur in the tubules or in the collect- 
ing system (renal pelvis, ureter, or bladder). Regardless of the site of obstruc- 
tion, a characteristic sequence of events is initiated that, if uncorrected, 
can lead to irreversible kidney injury and tubular atrophy. The onset of 
obstruction is associated with an initial increase in pressure proximal to the 
obstruction due to continued glomerular filtration. This rise in pressure is 
eventually responsible for the dilation of the collecting system and the neph- 
ron segments that can be detected by renal ultrasonography or computed 
tomography (CT) scanning and on biopsy, respectively. 
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The elevation in pressure is also transmitted back to the proximal 
tubule, thereby lowering the GFR by counteracting the high intraglomeru- 
lar pressure that normally drives glomerular filtration. However, the rise in 
intratubular pressure induces secondary renal vasoconstriction and an often 
marked reduction in glomerular blood flow. This response is regulated locally 
by individual obstructed nephrons and is mediated in part by the release of 
angiotensin II and thromboxane. It can be viewed as an appropriate physi- 
ologic adaptation, since the increase in local glomerular resistance shunts 
blood flow away from obstructed nonfunctioning nephrons. However, total 
kidney perfusion will be diminished if all nephrons are obstructed due to dis- 
ease affecting the collecting system. 

The parenchyma in severe chronic urinary tract obstruction is often 
reduced to a thin rim of compressed and atrophic tissue. The tubular atro- 
phy is induced in part by ischemia due to the persistent hypoperfusion. In 
addition, obstructed tubules appear to release a lipid that is chemotactic for 
monocytes and macrophages. These infiltrating cells can then release prote- 
ases and oxygen-free radicals that can contribute to the tubular injury. 


Intratubular Obstruction and Myeloma Kidney 


Intratubular obstruction can result from sloughed tubular cells and debris 
in acute tubular necrosis (see Chapter 11) or from the precipitation of a fil- 
tered solute in the tubular lumen. Examples of the latter problem include 
monoclonal immunoglobulin light chains (called Bence Jones proteins) in 
multiple myeloma, uric acid in the tumor-lysis syndrome when excess tissue 
breakdown leads to a marked increase in uric acid production, calcium oxa- 
lates in hyperoxaluric states (increased intake of precursors such as ethylene 
glycol or increased colonic uptake of oxalates in diseases and conditions that 
result in intestinal malabsorption), and the administration of certain drugs, 
such as methotrexate, sulfonamide antibiotics, or acyclovir. These drugs are 
relatively insoluble in urine and intratubular precipitation is promoted by 
the increase in concentration induced by the reabsorption of almost all of the 
filtered water. 

Acute or chronic kidney failure can also result from the toxicity of filtered 
monoclonal light chains. Some light chains cause obstruction by aggregating 
in the tubules in the form of widespread protein casts; this latter condition 
is called myeloma kidney. Light chains have a molecular weight of approxi- 
mately 22,000. They are freely filtered across the glomerulus and then largely 
reabsorbed by the proximal tubular cells. The normal rate of light chain 
excretion is <30 mg/day. However, reabsorptive capacity can be exceeded 
due to overproduction in multiple myeloma, resulting in an increase in light 
chain excretion that can range from 100 mg to more than 20 g per day. 

The mechanism by which urinary light chains lead to kidney failure is 
incompletely understood. Two factors are likely to be of primary importance: 
intratubular cast formation and direct tubular toxicity. Light chains can 
precipitate in the tubules, leading to dense intratubular casts in the distal 
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and collecting tubules. In addition to precipitated light chains, these casts 
contain other filtered proteins and Tamm-Horsfall mucoprotein, which is a 
protein that is normally secreted by the cells of the thick ascending limb of 
the loop of Henle and that constitutes the matrix of all urinary casts. The pro- 
pensity of obstructing casts to form in the distal nephron may reflect both 
the lower urinary flow rate and potentially the requirement for excreted light 
chains to aggregate with Tamm-Horsfall mucoprotein derived from the loop 
of Henle. 

Excess urinary light chains can also induce tubular injury, particularly 
in the proximal tubule. This complication presumably results from the exces- 
sive reabsorption of certain light chains into the tubular cell, where their 
accumulation in lysosomes can interfere with cellular functions. Some light 
chains can also induce the formation of crystalline structures inside the lyso- 
somes, and not infrequently will patients with light chain proteinuria present 
with proximal tubule dysfunctions, including the full Fanconi syndrome. 


How might proximal tubular dysfunction increase the tendency 
for light chain precipitation and cast formation in the distal 
nephron? 


Different monoclonal light chains have variable nephrotoxic potential. Thus, 
some patients develop kidney failure while others with an equivalent rate 
of light chain excretion maintain normal kidney function. Why this occurs 
is not well understood but the biochemical characteristics of the individual 
light chain appear to be important. For example, infusion of light chains from 
individual patients into mice produces the same form of kidney disease (or 
lack of disease) as was seen in the patient. 

One determinant of nephrotoxicity may be the isoelectric point (pI) 
of the light chain. Those Bence Jones proteins with a value above 5.1 (that 
is, above the tubular fluid pH in the distal nephron) will have a net positive 
charge, a characteristic that may promote binding via charge interaction 
to anionic Tamm-Horsfall mucoprotein (pI = 3.2) and subsequent cast for- 
mation. Urinary alkalinization might therefore be beneficial, since the light 
chains will become less cationic or even anionic, thereby decreasing the 
interaction with Tamm-Horsfall mucoprotein. Dehydration, hypercalcemia, 
and the administration of certain contrast solutions are know risk factors for 
myeloma kidney. 


Obstruction in the Collecting Systems 


Partial or complete obstruction in the collecting systems is a relatively com- 
mon problem. The major causes in adults are calculi in the renal pelvis or ure- 
ter, retroperitoneal malignancies affecting the ureters, cancer of the bladder 
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or prostate affecting the site at which the ureters insert into the bladder, and 
urethral obstruction due to prostatic hypertrophy. 

The clinical findings vary with the site, rate, and completeness of 
obstruction. Consider, for example, the symptom of pain due to distension of 
the bladder, collecting system, or renal capsule. Pain is typically minimal or 
absent with partial or slowly developing obstruction (as with a pelvic tumor). 
In comparison, severe pain can be seen with acute complete obstruction (as 
with a ureteral calculus). The site of obstruction determines the location of 
pain. Upper ureteral or renal pelvic lesions lead to flank pain and/or tender- 
ness; lower ureteral obstruction causes pain that typically radiates to the 
ipsilateral testicle or labia; and bladder outlet obstruction is associated with 
suprapubic pain. 

Chronic obstruction does not usually lead to pain and, since there is no 
inflammation, there is a relatively bland urine sediment with few cells or 
casts. Thus, affected patients often present with few clues as to the cause of 
the kidney failure. Urinary tract obstruction should be considered in all such 
patients. The presence of dilation of the collecting system proximal to the 
obstruction (hydronephrosis) is essential to establishing the diagnosis radio- 
logically by renal ultrasonography or CT scanning. 


Prognosis 

Complete or prolonged partial urinary tract obstruction leads to tubular 
atrophy and eventually irreversible kidney injury. In Europe, for example, it is 
estimated that acquired obstruction is responsible for 3% to 5% of new cases 
of end-stage kidney disease in patients over the age of 65, due most often to 
prostatic disease in men. 

The renal prognosis after relief of urinary tract obstruction is dependent 
upon the severity and duration of the obstruction. With acute total ureteral 
obstruction, for example, a partial recovery of GFR can be achieved if the 
obstruction is relieved within 1 week, while little or no recovery occurs after 
12 weeks. As in other settings, however, measurement of the GFR probably 
overestimates the true degree of recovery. In a rat model in which complete 
unilateral ureteral obstruction was induced for only 24 hours, approximately 
15% of nephrons were nonfunctional as late as 60 days after release, a pre- 
sumed reflection of irreversible injury. Despite this nephron loss, the total fil- 
tration rate returned to normal because of adaptive hypertrophy and hyper- 
filtration in the remaining functional nephrons. 

The course of partial obstruction is less predictable, being dependent 
upon the severity and duration of the obstruction as well as other potential 
complicating factors, such as hypertension, infection, or preexisting kidney 
disease. As an example, older men with prostatic hypertrophy and prolonged 
partial urethral obstruction often present with asymptomatic and moder- 
ate to advanced kidney failure. Correction of the obstruction by inserting a 
catheter into the bladder or by surgery leads to a variable degree of recovery 
of the kidney function. 
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Cyst Formation 


A number of hereditary diseases, congenital disorders, and acquired condi- 
tions result in renal cyst formation. Cysts are enlarged, fluid-filled outpouch- 
ings of the nephron or grossly distended tubules that may arise in the cortex 
and/or the medulla in one or both kidneys (Table 10.3). Simple cysts are most 
common, occurring in over one-half of subjects over the age of 50. The pre- 
cise mechanism by which such cysts form is poorly understood; however, we 
are beginning to get a better understanding of the inherited forms of cystic 
diseases through molecular genetics and cell biology. Dysplastic kidneys are 
characterized by the presence of normally occurring tissues and cells but in 
an abnormal proportion; hence, a dysplastic kidney has excessive connec- 
tive tissue, sometimes with cartilage and bone tissue, smooth muscle cells 
around collecting ducts, and variable cyst formation. Most cases are congen- 
ital and believed to be the result of obstruction that occurs at various periods 
during organogenesis. There is also a long list of familial syndromes that also 
present with renal dysplasia; among these are the Beckwith-Wiedemann syn- 
drome, Ivemark’s syndrome, several trisomies, and Zellweger syndrome. 

Probably the most important cystic disease is autosomal-dominant poly- 
cystic kidney disease (ADPKD), which occurs in 1 in every 400 to 1000 live births 
and is currently one of the major causes of end-stage kidney disease requiring 
dialysis or kidney transplantation. It has autosomal-dominant inheritance. 
The genetic defect in 86% to 96% of families with ADPKD affects PKDJ, a gene 
located on the short arm of chromosome 16 in close proximity to the o-globin 
gene and adjacent to TSC2, one of the genes responsible for tuberous sclerosis, 
a condition characterized by angiomyolipomas in the kidney, adenoma seba- 
ceum, and also renal cysts in 30% to 46% of patients. PKD1 encodes polycys- 
tin-1, an integral protein expressed in plasma membranes and cilium of tubular 
epithelial cells, hepatic bile ductules, and pancreatic ducts. A different genetic 
defect is present in most of the remaining patients with ADPKD. This defect 
affects PKD2, a gene located on chromosome 4 that encodes polycystin-2, a pro- 
tein expressed in the cells and cilium of the distal nephron and with homology 
to voltage-activated Ca—Na channels. Both forms of ADPKD are characterized 
by a progressive increase in the size and number of cysts over a period of many 
years. The cysts are derived from any segment of the nephron and represent out- 
pouchings that rapidly close off from the tubule of origin. The net effect is mark- 
edly enlarged kidneys and progressive destruction of the kidney parenchyma. 
Cysts can also develop in other organs such as the liver, pancreas, and lung. 

The prognosis is different in the two types of ADPKD. Patients with 
the PKD2 defect form cysts later in life and have less severe disease. Thus, 
the mean age at which these patients develop end-stage kidney disease is 
69 years, versus 57 years in patients with the PKD1 lesion. The net effect is 
that many patients, particularly those with non-PKD1 disease, do not develop 
end-stage kidney failure during their lifetime. 

An autosomal recessive polycystic kidney disease (ARPKD) affects new- 
borns, children, and young adults. The estimated incidence is 1:10,000 to 
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1:40,000. It is associated with hepatic cysts, congenital hepatic fibrosis, and 
portal hypertension. In the newborn variant, with truncating defects in the 
gene, the disease is characterized by oligohydramnios in the mother, and 
Potter's facies, lung hypoplasia leading to spontaneous pneumothorax and 
pneumomediastinum, and lung and kidney failure in the child. Other vari- 
ants of this condition are associated with missense mutations and present 
later in infancy or early adulthood with symptoms related to the liver involve- 
ment, in particular portal hypertension, and tubular dysfunction such as 
hyponatremia, and reduced concentrating and acidification capacity. The 
gene responsible for this disorder, PKHD1, encodes fibrocystin or polyduc- 
tin. The cysts in the kidney in ARPKD represent distended collecting ducts 
located throughout the cortex and medulla. 

Some cystic diseases of the kidney favor medullary segments of the neph- 
ron and include nephronophthisis (NPHP) in pediatric patients and medul- 
lary cystic kidney disease and familial juvenile hyperuricemic nephropathy 
in young adults. The various forms of familial nephronophthisis are autoso- 
mal recessive and are characterized by cysts restricted to the medulla and 
associated with a variable degree of tubular atrophy and interstitial fibrosis. 
Infantile, juvenile, and adolescent clinical variants are described. Mutations in 
nine genes (NPHP1 through NPHP9) have been reported (see Table 10.3). They 
encode for proteins (nephrocystins and others) expressed in cilia, basal bodies, 
or centromeres. These proteins are believed to interact with other intracellular 
proteins involved in cell-cell and cell-matrix signaling. These patients present 
with salt wasting, concentrating defects, polyuria, growth retardation, and pro- 
gressive kidney failure. Mutations in some of these genes are also expressed in 
defects in the retina (retinitis pigmentosa or RP) and cerebellar vermis aplasia. 

The autosomal dominant medullary cystic disease affects young adults; 
also this disease is characterized by salt wasting, polyuria, a bland sediment, 
minimal proteinuria, and slowly progressive disease that results in end-stage 
between the ages of 20 and 70. The cysts are located in the medulla, and are 
most often too small to be visualized by standard imaging techniques. In 
medullary cystic kidney disease type 2 (MCKD2), also known as familial juve- 
nile hyperuricemic nephropathy, the defect involves the gene that encodes 
for uromodulin or Tamm-Horsfall protein on chromosome 16p12. These 
patients present with hyperuricemia and gout due to a reduced urate excre- 
tion, but no urate deposits in the kidney. In some forms of the disease, the 
abnormal gene product accumulates in the cells of the thick ascending limb 
of the loop of Henle. The gene responsible for MCKD1 has not been identified 
but has been linked to chromosome 1q21. Also these patients present with 
kidney failure but hyperuricemia and gout are a late finding. 


Pathogenesis 

The various steps that lead to cyst formation are incompletely understood at 
present. For ADPKD, it has been postulated that an additional somatic muta- 
tion has to occur on the background of the preexisting genetic mutation 
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for cysts to develop (the second hit theory), hence the slowly progressive 
nature of ADPKD. The proteins encoded by the genes that are defective in 
PKD are often expressed in the cilium, a cell organelle relevant in mecha- 
nosensory calcium signaling, in cell membrane domains that serve as cell- 
to-cell contact points, and at the interface between cell and matrix. It has 
been shown that polycystin-1 has extracellular domains that bind various 
matrix proteins, binding sites for carbohydrates, binding sites for receptor 
protein tyrosine phosphatases, a low-density lipoprotein-A-related domain, 
a C-type lectin domain, Ig-like repeats for protein binding, and areas sugges- 
tive of sites for protein cleavage. The intracellular portion of the molecule 
contains several sites suggestive of protein interaction and phosphorylation- 
signaling sites. Polycystin-2 belongs to the transient receptor potential fam- 
ily of channel proteins (nonselective Ca channel); it appears to associate with 
polycystin-1. Fibrocystin is likely to act as a membrane receptor for extracel- 
lular proteins and as a signal-transduction element. Nephrocystin probably 
associates with polycystins to form adhesion complexes for extracellular 
matrix components. 

The current hypothesis for cyst formation in all these disorders suggests 
that there is an imbalance between cell proliferation and apoptosis and a 
heightened susceptibility of the cells to the effects of the epidermal growth 
factor. Other aspects relevant in cyst formation include the loss of polarity of 
the diseased tubule cells, the reversal of the flow of fluid from net reabsorption 
to secretion, the abnormal cell-matrix interaction, the defect in ciliary func- 
tion, and abnormalities in signal transduction that regulates cell proliferation, 
differentiation, and migration. The loss of cell polarity, for instance, leads to 
the sodium pump (Na*-K*-ATPase) being expressed in the apical membrane 
and the Na‘-K'-2Cl symporter in the basolateral cell membrane; this can be 
expected to result in reversal of the flow of fluid from reabsorption to secre- 
tion. The end result of all these abnormal functions is cyst formation through 
an uncontrolled cell proliferation, distention of a tubule segment, and eventu- 
ally remodeling of the tubular basement membrane. Here again, many patho- 
genetic aspects of cyst formation are still unknown, but we are making prog- 
ress in our understanding of these processes by learning how these various 
proteins function and interact under normal and disease conditions. 


Acquired Cystic Kidney Disease 
A similar stimulation of cell growth may also explain acquired cystic kidney 
disease, a common disorder that occurs in many patients with advanced 
kidney disease. Although cyst formation can begin prior to dialysis, the inci- 
dence of this disorder rises progressively with increasing time on dialysis, 
and it is estimated that more than 50% to 80% of patients will be affected 
after 10 or more years on dialysis. The etiology of the underlying disease is 
unimportant in acquired cystic disease. 

The pathogenesis of acquired cystic disease is also not well under- 
stood. The cysts are limited to the kidney (in comparison to the inherited 
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conditions), suggesting that local intrarenal events play a central role. The fol- 
lowing hypothesis has been proposed. As noted in Chapter 12, nephron loss of 
any cause leads to compensatory hypertrophy in the more normal nephrons. 
This response is driven by the activation of protooncogenes and the release 
of growth factors (such as epidermal growth factor), which, over a prolonged 
period of time, can lead to tubular hyperplasia and eventually cyst formation. 
This primary stimulation of cell growth could also explain the increased risk 
to develop renal cell carcinoma in patients with end-stage kidney failure. 
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CASE DISCUSSION 


Case 1 

The clinical history is classic for acute pyelonephritis. The patient begins with an 
anatomic abnormality promoting infection, the indwelling bladder catheter, and 
then develops fever, an elevated white blood cell count, and white cells and bacteria 
in the urine sediment. The acute decline in kidney function could result from either 
prerenal disease (due to hypotension) or acute tubular necrosis (due to the combi- 
nation of hypotension and sepsis). These disorders can be distinguished by measur- 
ing urine electrolytes as described in Chapter 11 and by observing the response to 
rehydration and antibiotics. Rapid improvement suggests prerenal disease. Acute 
pyelonephritis itself does not usually involve enough of the kidney parenchyma to 
induce acute kidney failure, unless there is preexisting parenchymal disease. 


Case 2 


This young woman has the classic presentation of reflux nephropathy: a history of 
urinary tract infections in early childhood and documented vesicoureteral reflux 
and segmental renal scars. The excretion of 3.2 g of protein per day suggests the 
superimposition of hemodynamically mediated glomerulosclerosis induced by the 
initial nephron loss. Therapy at this time should be directed at minimizing further 
hemodynamic injury with an angiotensin-converting enzyme inhibitor and angio- 
tensin II blockade (for reasons described in Chapter 12); infection may no longer 
be a major issue in inducing kidney damage at this stage of the disease. 


Case 3 


This patient has developed acute kidney failure over a 10-day period after = 
re-starting antituberculous therapy with rifampin and isoniazid. The time course | 
is strongly suggestive of a relation between one of the drugs and the kidney dis- 

ease, since tuberculosis alone does not cause acute kidney failure. The two major 
mechanisms of drug-induced acute kidney failure are tubular toxicity (acute 
tubular injury) and AIN. The distinction between these disorders is often made 

by the urinalysis. A urine sediment showing white cells, eosinophils, red cells, 

and white cell casts is virtually diagnostic of interstitial nephritis, which has been 
described with rifampin. Epithelial cells and epithelial cell casts and granular casts 

would have been the major findings if this had been acute tubular injury. 
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ANSWERS T ESTION 


1 | The loop of Henle performs two major functions: It reabsorbs about one- 

third of the filtered sodium chloride, and the reabsorption of sodium chlo- 
ride in excess of water is the primary step in the generation of the countercurrent 
gradient that allows a concentrated urine to be excreted. Thus, the clinical mani- 
festations if injury to the loop had occurred would include sodium wasting (which 
might not become apparent if the damage were not severe and dietary sodium 
intake were relatively high), hypokalemia and metabolic alkalosis (as some of the 
excess sodium leaving the loop is reabsorbed in the cortical collecting tubule in 
exchange for potassium and hydrogen), and polyuria (due to decreased concen- 
trating ability). 


| 2 | Ascending urinary tract infection begins in the bladder and almost all 

affected women have initial symptoms of dysuria (pain on urination) and 
frequency. These symptoms might be absent or occur after the onset of fever and 
flank pain with hematogenous pyelonephritis. 


As with other low-molecular-weight proteins, filtered light chains are nor- 

mally reabsorbed in the proximal tubule. If this were impaired, more light 
chains would be delivered to the distal nephron, thereby promoting intratubular 
precipitation and cast formation. 
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A 63-year-old man is admitted for elective removal of an intrarenal abdominal 
aortic aneurysm. Routine preoperative laboratory findings include a blood urea 
nitrogen (BUN) of 20 mg/dL, a plasma creatinine concentration of 1.4 mg/dL, and 
a normal urinalysis. The surgery is complicated by intermittent periods of hypo- 
tension, which are reversed by fluid and blood administration. Postoperatively, 
the patient is hemodynamically stable but it is noted that the urine output is 
averaging only 10 mL/h. 
The following blood and urine values are noted 6 hours after surgery: 


BUN = 33 mg/dL (9-25) 
Creatinine = 2.5 mg/dL (0.8-1.4) 
Urine Na = 61 mEq/L 

Urine osmolality = 320 mOsm/kg 
FENa =3.4% 


The urine sediment reveals many muddy-brown granular casts. Intravenous 
furosemide (a loop diuretic) is begun and the urine output increases to 60 to 
80 mL/h. 
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: By the end of this section, you should have an understanding of each 
FA of the following issues: 


as m Why estimation of the glomerular filtration rate (GFR) is the primary 
3 test used to estimate the degree of renal function. 


S The major causes of acute kidney injury (AKI) and the diagnostic 


Ci approach used to establish the correct diagnosis, particularly the 
> distinction between prerenal disease and acute tubular necrosis 
(ATN). 


m The renal response to decreased renal perfusion and the different 
disorders in which renal ischemia can lead to a reduction in the GFR. 


m The pathogenesis of postischemic and toxic ATN. 
m An appreciation for high-risk clinical situations that can lead to AKI. 
m Lack of specific therapies once injury is established. 


Definition of Renal Failure 


The term renal failure (or renal insufficiency) is generally applied to an impair- 
ment in the GFR. Renal failure that occurs acutely as the result of injury is 
generally referred to as AKI. Since the GFR is equal to the sum of the filtration 
rates in all of the functioning nephrons, the total GFR (as estimated from the 
plasma creatinine concentration or the creatinine clearance) is assumed to 
be an index of the functioning renal mass (see Chapter 1). 

Thus, a fall in GFR with intrinsic renal disease usually reflects dis- 
ease progression with a reduction in the number of functioning nephrons. 
However, the GFR can also be reduced and the patient considered to have 
renal failure if there is a decline in renal perfusion (prerenal disease) or if 
there is obstruction to the flow of urine out of the kidney in the renal pelves, 
ureters, bladder, or urethra. 

The GFR is important because many potential toxins are excreted by 
glomerular filtration. As a result, worsening renal disease is associated with 
the gradual retention of a number of substances, some of which are routinely 
measured (such as BUN and plasma creatinine). However, BUN and creat- 
inine per se are not toxic but rather the elevation in serum levels of these 
compounds correlates with accumulation and toxicity of unknown uremic 
molecules. 

Retention of these toxic substances accounts for many of the signs and 
symptoms associated with end-stage renal disease. Examples of these uremic 
symptoms include anorexia, nausea and vomiting, pericarditis, difficulty 
with mental concentration, and a peripheral neuropathy (see Chapter 13). 
Inadequate potassium and sodium excretion are also commonly seen, 
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leading to hyperkalemia and edema, respectively. The GFR is typically 
between <15 mL/min at this time (normal equals 90 to 125 mL/min). 

The loss of functioning nephrons also impairs the hormonal func- 
tions of the kidneys. This may be manifested clinically by bone disease 
(due in part to decreased phosphate excretion and reduced calcitriol pro- 
duction) and anemia (due largely to less erythropoietin secretion—see 
Chapter 13). 


Early Renal Disease 


In addition to reflecting the loss of functioning renal mass, a reduced GFR 
may be one of the only signs of mild-to-moderate or even severe renal disease. 
For example, a patient with a GFR of 40 mL/min (roughly 40% of normal) 
may have no edema, normal plasma sodium and potassium concentrations, 
and a normal hematocrit. Only an elevated plasma creatinine concentration 
and possibly an abnormal urinalysis may point to the presence of underlying 
renal disease. 


Sodium and potassium balance can be maintained (i.e., urinary 
excretion equals intake) even in some patients who have a GFR 
below 20 mL/min. How might these adaptations occur? 


For reasons that are not well understood, the intrarenal adaptations that 
allow the maintenance of fluid and electrolyte homeostasis are more likely 
to occur with chronic (long-standing) renal disease. At the same reduction 
in GFR, patients with acute renal failure are more likely to develop edema, 
hyponatremia, and hyperkalemia due to sodium, water, and potassium 
retention, respectively. The amount of intake as well as reduced excretion 
determines the likelihood of these problems being seen. 


Acute Renal Failure 


The definition of acute renal failure is somewhat arbitrary. The simplest defi- 
nition is a recent (within the past month) increase in the plasma creatinine 
concentration of at least 0.5 mg/dL, or an increase of >50% over baseline 
value of serum creatinine or a 50% reduction in estimated GFR (calculated 
from the serum creatinine; see Chapter 1). Although a 0.5-mg/dL eleva- 
tion in creatinine is numerically small, it usually represents a large fall in 
GFR when the baseline plasma creatinine concentration is below 2 mg/dL 
(see Chapter 1 for a discussion of the relationship between the GFR and the 
plasma creatinine concentration). 

In comparison, large increases in the plasma creatinine concentration 
(above 1 mg/dL) represent relatively small reductions in GFR in patients with 
advanced renal disease who begin with a low GFR. 


Acute Renal Failure 
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Consider a patient with underlying renal disease and a baseline 
plasma creatinine concentration of 4 mg/dL, which reflects a 
GFR of 20 mL/min. Assuming no change in creatinine secretion, 
2 | what is the approximate new GFR if the plasma creatinine 
concentration rises to 6 mg/dL the day after surgery? How are 
the results different if the plasma creatinine concentration remains at this 
level for several days? 


Diagnostic Approach 


The broad categories of acute renal failure are traditionally divided into three 
broad categories: prerenal, intrinsic, and postrenal (obstruction) causes as 
summarized in Figure 11.1. Table 11.1 lists the most common causes for 


Acute renal failure 


FIGURE 11.1. Main categories of acute renal failure. Postrenal (obstructive 
etiologies) should be diagnosed early since the etiology and treatment are usually 
anatomic. About 40% to 50% of patients with acute renal failure in the outpa- 
tient setting have prerenal etiologies. Once intrinsic renal disease is established, 
about 75% to 80% of patients have ATN, ~-10% interstitial nephritis, and only 
about 5% to 10% the result of acute glomerulonephritis or vasculitis. 
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Major Causes of Acute Renal Failure 


Prerenal disease 

A. Volume depletion due to gastrointestinal, renal, or third-space 
losses 

B. Congestive heart failure or valvular heart disease 

C. Hepatorenal syndrome in advanced hepatic cirrhosis 

D. Bilateral renal artery stenosis, particularly after the administration of 
an angiotensin-converting enzyme inhibitor 

E. Drugs that interfere with autoregulation such as nonsteroidal anti- 
inflammatory drugs (NSAIDS) 

F. Shock due to fluid loss, sepsis, or cardiac failure—frequently 
progresses to acute tubular necrosis 


. Intrinsic renal disease 


A. Glomerular disease 
1. Acute glomerulonephritis, including postinfectious 
glomerulonephritis and lupus nephritis 
2. Crescentic or rapidly progressive glomerulonephritis 
3. Microangiopathic hemolytic anemias including hemolytic—uremic 
syndrome and thrombotic thrombocytopenic purpura 
B. Tubulointerstitial disease 
1. Acute tubular necrosis 
A. Postischemic—following any cause of severe renal ischemia 
B. Toxic—drugs such as aminoglycoside antibiotics and 
chemotherapy agents such as cisplatinum, radiocontrast 
agents, or the excretion of heme pigments with hemolysis or 
rhabdomyolysis 
2. Interstitial nephritis, acute, usually drug-induced 
3. Intratubular obstruction, due to immunoglobulin light chains in 
multiple myeloma, drugs such as the antiviral drug acyclovir, or 
uric acid crystals following excess tissue breakdown and release of 
purines after chemotherapy or radiation therapy of a hematologic 
malignancy (tumor lysis syndrome) 
C. Vascular disease 
1. Vasculitis, usually associated with systemic symptoms 
2. Atheroemboli to the kidney, most often following surgical or 
radiologic procedures with manipulation of an atheromatous aorta 


Urinary tract obstruction 
A. Prostatic disease in men 
B. Pelvic or retroperitoneal malignancy 


Acute Renal Failure 
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each of these categories. The approach to establishing the correct diagno- 
sis was reviewed in Chapter 8 and the clinical characteristics of some of the 
individual disorders are discussed in Chapters 9 and 10. There is, however, a 
sequence of steps that should be followed, beginning with the history (includ- 
ing timing the onset of the decline in renal function), physical examination, 
and a careful analysis of the urine. 


Time of Onset 


In many patients with acute renal failure, the date of onset of the decline in 
renal function can be identified. This is particularly true when the problem 
begins in the hospital, since serial routine measurements of the BUN and 
plasma creatinine concentration are often obtained. Suppose, for example, 
that the plasma creatinine concentration began to rise on hospital day 8. In 
this example, some renal injury was sustained in the preceding 24 hours (such 
as an episode of hypotension, the institution of therapy with an ACE inhibi- 
tor or a nonsteroidal anti-inflammatory drug (NSAID), or the administration 
of a radiocontrast agent) or the cumulative effect of a toxin became clinically 
apparent (most often with ATN due to an aminoglycoside antibiotic). Recall 
that GFR estimates from the serum creatinine reflect total function, so processes 
affecting a single kidney (stone, ischemia) may not manifest a noticeable eleva- 
tion in creatinine concentration. 

We recently evaluated an otherwise healthy patient who had severe her- 
pes zoster infection being treated with acyclovir, a drug that can precipitate 
in the tubules if an adequate urine flow rate is not maintained. The plasma 
creatinine concentration began to rise rapidly on day 11; no cause other than 
acyclovir was apparent even though the patient had been receiving this drug 
for 9 days. Careful review of the chart revealed that intravenous fluids had 
been discontinued on day 10. Oral intake and therefore the urine output were 
relatively low on the ensuing days, thereby creating an environment favoring 
acyclovir precipitation. 


Exclusion of Urinary Tract Obstruction 


Unless the diagnosis is clear from the history or urinalysis, urinary tract 
obstruction should always be ruled out, since it is a relatively common (espe- 
cially in men) and rapidly reversible cause of acute renal failure. An enlarged 
bladder can often be palpated with urethral obstruction due to prostatic dis- 
ease and passage of a catheter into the bladder will both relieve the obstruc- 
tion and improve renal function. 

Obstruction at the level of the bladder or ureters can be detected only by 
a radiologic procedure such as ultrasonography. This should reveal dilation 
of the renal pelvises and calyces due to obstructing lesion. However, early 
in the course of obstruction, these radiologic changes may not be apparent. 
Glomerular filtration is significantly reduced when the hydraulic pressure in 
Bowman's space (increased from distal obstruction to urine flow) exceeds 


CHAPTER 11 Acute Renal Failure 3041 


the glomerular capillary hydraulic pressure (see Chapter 1, Eq. 1). Again, 
unilateral obstruction will not manifest with a severe decline in GFR due to 
compensation from the unobstructed kidney. 


A patient with acute renal failure has a urine output of 
1,500 mL/day. Does the relatively normal urine output exclude 
the diagnosis of urinary tract obstruction? 


Urinalysis 


The urinalysis may reveal findings that are suggestive of a particular type of 
disease in patients with acute renal failure (see Table 8.3): 


= Red cells (particularly if dysmorphic in shape), red cell casts, and protein- 
uria are virtually diagnostic of glomerulonephritis or vasculitis. 

= White cells and white cell casts—with or without some red cells—are 
highly suggestive of acute pyelonephritis or interstitial nephritis. 

= A negative dipstick for protein or a normal microalbumin/creatinine ratio 
with a clearly positive sulfosalicylic acid test or positive urine protein/ 
creatinine ratio points toward myeloma kidney, since the immunoglobulin 
light chains are not detected by the dipstick or the microalbumin assay. 

= Many, often muddy-brown granular casts with epithelial cells and epithe- 
lial cell casts strongly suggest ATN; the urinary findings in this setting rep- 
resent cellular debris and desquamation. 

= A relatively normal urinalysis is typically seen in prerenal disease but may 
also occur in about 10% to 15% of cases of ATN and with urinary tract 
obstruction. 


Distinction between Prerenal Disease and Acute 
Tubular Necrosis 


The different causes of prerenal disease and acute tubular necrosis (ATN) are 
responsible for approximately 75% of cases of acute renal failure. Distinguishing 
between these disorders can be difficult, since there is a continuum with the 
severity and duration of reduced renal perfusion in determining whether tubu- 
lar damage has occurred. The major tool for distinguishing between prerenal 
disease and ATN is the response to intravenous fluids. An improvement in 
renal function (over 1 to 2 days) back to the baseline plasma creatinine concen- 
tration is considered diagnostic of prerenal disease, while a continued eleva- 
tion in the plasma creatinine concentration points toward ATN. 

In addition, several other blood and urinary findings may be helpful 
(Table 11.2). These findings largely reflect the difference between intact tubu- 
lar function in prerenal disease and impaired tubular function in ATN. 
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Laboratory Findings in Prerenal Disease and ATN 


Favors Prerenal 


Test Disease Favors ATN 

BUN-to-PCr ratio >20:1 10-15:1 

Urinalysis Normal or near normal Many granular casts 
with few cells or casts; with renal tubular 
hyaline casts may epithelial cells and 
be seen but are not epithelial cell casts 
abnormal 

Urine sodium <25 mEq/L >40 mEq/L 

FENa <1% >2% 

Urine osmolality >500 mOsm/kg 300-350 mOsm/kg 


ATN; acute tubular necrosis; BUN; blood urea nitrogen; PCr, plasma creatinine 


Blood Urea Nitrogen to Plasma Creatinine Ratio 

In most patients with renal failure, the decline in GFR raises both the 
BUN and plasma creatinine concentration in proportion. As a result, 
the ratio between these parameters remains at 10 to 15:1, similar to that 
seen in normal patients. Prerenal disease represents an exception. Renal 
hypoperfusion is associated with an appropriate increase in proximal 
sodium and water reabsorption that are mediated in part by increased 
release of angiotensin II. The reabsorption of water raises the tubu- 
lar fluid urea concentration, thereby leading to an equivalent elevation 
in proximal urea reabsorption. The increment in urea reabsorption will 
raise the BUN out of proportion to any change in GFR, thereby increasing 
the BUN-to-plasma creatinine ratio. 

A ratio above 20:1 is generally indicative of prerenal disease in the 
absence of a high-protein diet, increased tissue breakdown, or gastrointesti- 
nal bleeding all of which raise the BUN independent of the GFR. 

A normal ratio, however, is less useful. It can be seen with ATN but may 
also be seen in prerenal disease when urea production is reduced due to 
decreased protein intake or hepatic disease. 


Urine Sodium Concentration and Fractional Excretion of Sodium 

Sodium retention is an appropriate response to renal hypoperfusion that is 
partially impaired in ATN. Thus, the urine sodium concentration is generally 
below 20 mEq/L in prerenal disease but above 40 mEq/L in ATN. There is, 
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however, appreciable overlap that is due in part to the urine sodium concen- 
tration being influenced by the rate of reabsorption of water as well as that 
of sodium. 

The confounding effect of water transport can be removed and the diag- 
nostic accuracy increased by calculating the FENa, which is a direct measure 
of the reabsorption of filtered sodium. (The formula for calculating the FENa 
is derived in Chapter 8.) A FENa below 1% (indicating that more than 99% of 
the filtered sodium has been reabsorbed) suggests prerenal disease, while a 
value above 2% is usually due to ATN. However, recall that normally over 99% 
of filtered sodium is reabsorbed (Chapter 1) so this calculation is most useful 
in the context of AKI and reduced GFR. 


Urine Osmolality 

Marked volume depletion is a potent stimulus to the release of antidiuretic 
hormone (See Chapter 2 and Fig. 2.4). This should result in a highly concen- 
trated urine (osmolality above 500 mOsm/kg) when tubular function is intact, 
as in prerenal disease. In comparison, concentrating ability is impaired early 
in ATN because the medullary cells in the thick ascending limb are among the 
cells that are first damaged by renal ischemia. As a result, the urine is relatively 
isosmotic to the plasma in ATN, with the urine osmolality being between 300 
and 350 mOsm/kg in most cases. There is, however, substantial overlap so 
that only a high value above 500 mOsm/kg is of diagnostic importance. 


Prerenal Disease 


Although the response to decreased renal perfusion has been described, 
there are some important pathophysiologic lessons to be learned by review- 
ing three of the causes: the hepatorenal syndrome; bilateral renal artery 
stenosis, particularly after the administration of an angiotensin-converting 
enzyme (ACE) inhibitor; and the administration of NSAIDs to susceptible 
subjects. 


Hepatorenal Syndrome 


The hemodynamic changes occurring in hepatic cirrhosis are discussed in 
Chapter 4: marked splanchnic vasodilation, leading to reductions in systemic 
vascular resistance and blood pressure. As in other forms of effective volume 
depletion, the hypotension in hepatic cirrhosis is associated with progres- 
sive elevations in angiotensin II and norepinephrine release, resulting in an 
increasing degree of renal ischemia. This is manifested by a gradual reduc- 
tion in GFR as the hepatic disease becomes more severe. 

The decline in GFR in hepatic cirrhosis is often masked by reductions in 
the production of urea (due to the hepatic disease) and creatinine (due mostly 
to a loss of muscle mass). As a result, the plasma creatinine concentration 
may remain within the “normal” range of 1.0 to 1.4 mg/dL in patients with a 
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GFR as low as 20 mL/min. Measurement of the creatinine clearance, should 
detect the reductions in creatinine production and GFR in this setting. 

The hepatorenal syndrome is defined as an otherwise unexplained 
and progressive elevation in the plasma creatinine concentration in a 
patient with advanced hepatic disease. Type I hepatorenal syndrome is 
more severe and defined as a doubling of serum creatinine within two 
weeks and less than 500mls of urine per day. Type II is a more indolent 
process associated with resistance to diuretics. Both types are associated 
with low FENa. The hepatorenal syndrome represents the end stage of 
a process that gradually lowers renal blood flow and GFR (see Fig. 11.5 
later in this chapter). 

Patient survival is extremely limited in the hepatorenal syndrome 
unless hepatic function can be improved (as with hepatic transplanta- 
tion). Mortality in this setting is due to hepatic encephalopathy or variceal 
bleeding rather than due to renal failure. Reinfusion of the patient’s asci- 
tes into the internal jugular vein via a peritoneovenous shunt can expand 
the plasma volume and, in many cases, improve renal function. There is, 
however, no beneficial effect on patient survival, since the hepatic failure 
persists. 


Renal Artery Stenosis and Angiotensin-Converting 
Enzyme Inhibitors 


Narrowing of the renal artery (renal artery stenosis) is associated with a 
reduction in arterial pressure distal to the obstruction. Despite this fall in 
pressure perfusing the glomeruli, the GFR can initially be maintained by 
autoregulation (the mechanism of which is discussed in Chapter 1). This phe- 
nomenon, depicted in Figure 11.2, shows that the GFR is maintained in nor- 
mal dogs as the renal artery pressure is lowered from 125 to 85 mmHg. The 
ability to autoregulate eventually fails and the GFR begins to decline as the 
renal artery pressure falls to 70 mmHg. 

Angiotensin II plays an important role in the autoregulation of GFR by 
preferentially constricting the efferent glomerular arteriole, thereby main- 
taining the intraglomerular pressure. If, however, the effect of angiotensin II 
is blocked by an angiotensin II antagonist or its production is diminished by 
the administration of an ACE inhibitor, then the reduction in GFR begins at a 
higher pressure and is more pronounced (Fig, 11.2). 

Patients who have greater than a 75% narrowing of one or both renal 
arteries are often hypertensive, as the angiotensin II formed within the 
kidney during the autoregulatory response can also enter the systemic 
circulation and induce vasoconstriction. An ACE inhibitor will usually 
partially or completely reverse the hypertension in this setting. It will, 
however, tend to impair autoregulation, thereby lowering the GFR. This 
effect will not significantly raise the plasma creatinine concentration in 
patients with a unilateral lesion, since filtration will be maintained in the 
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FIGURE 11.2. Effect of reducing renal artery pressure (from a baseline value 
of approximately 125 mmHg) on glomerular filtration rate (GFR) in normal dogs 
(green squares) and dogs pretreated with an angiotensin II antagonist (blue circles). 
Autoregulation of GFR was maintained in normal dogs until the renal artery pressure 
fell to 70 mmHg. Antagonizing the effect of angiotensin II led to an earlier and more 
marked fall in GFR, indicating an important role for angiotensin II in the autoregula- 
tion of GFR. 


contralateral, nonstenotic kidney. However, acute renal failure can occur 
in some patients with bilateral renal artery stenosis or unilateral stenosis 
in a solitary kidney. 

It should be emphasized that, although the risk is greatest with an ACE 
inhibitor, any antihypertensive agent can lead to acute renal failure if the ste- 
noses are severe. As shown in Figure 11.2, the ability to autoregulate GFR in 
normal dogs occurs over a certain range of renal perfusion pressures; reduc- 
ing the pressure below this level will lower the GFR even in the presence of 
angiotensin II. 


Nonsteroidal Anti-Inflammatory Drugs 


Effective volume depletion of any cause leads to enhanced secretion of 
angiotensin II and norepinephrine, both of which are potent renal vasocon- 
strictors. Angiotensin II and norepinephrine also stimulate the renal produc- 
tion of vasodilator prostaglandins, particularly prostacyclin and PGE, by the 
glomeruli. As a result of these hormonal interactions, excessive vasoconstric- 
tion (with consequent reductions in renal blood flow and GFR) is generally 
prevented. 
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This relationship assumes clinical importance because of the wide- 
spread use of NSAIDs, which reduce prostaglandin synthesis by inhibiting the 
enzyme cyclooxygenase. NSAIDs have little effect on renal function in normal 
subjects in whom angiotensin II, norepinephrine, and renal prostaglandin 
production are relatively low. However, NSAID can lead to acute renal failure 
when given to patients with true volume depletion (as with diuretic therapy), 
congestive heart failure, or hepatic cirrhosis. In these settings, exaggerated 
renal vasoconstriction occurs as the compensatory prostaglandin response 
to increased release of angiotensin II and norepinephrine is blocked. 

The selective cyclooxygenase-2 inhibitors have been shown to result in 
fewer gastrointestinal side effects, but the consequences on renal hemody- 
namics and renal function are similar to traditional NSAIDs. Therefore, these 
drugs should also be avoided in patients with renal insufficiency, volume 
depletion, congestive heart failure, or hepatic cirrhosis. 


Acute Tubular Necrosis 


There are two major types of ATN: postischemic and toxic (Table 11.1). 
Regardless of the mechanism, ATN is associated with two major histo- 
logic changes and normal glomeruli: 


= Tubular necrosis with denuding of the epithelial cells; the tubular injury 
tends to be most prominent in the proximal tubules and in the thick 
ascending limb of the loop of Henle. 

= Occlusion of the tubular lumens by cellular debris and casts and, with 
hemolysis or rhabdomyolysis, by precipitation of heme pigments. 


It is now appreciated that complex mechanisms involving the vascu- 
lature and renal tubular epithelium converge in ischemic ATN to cause the 
dramatic reduction in GFR that is the hallmark of this injury (10% of normal 
GFR). Figures 11.3 and 11.4 summarize the major events contributing to the 
renal failure. Furthermore, the anatomy of the nephron renders certain tubu- 
lar segments susceptible to ischemic injury. Although the kidneys receive 20% 
of cardiac output, the renal medulla normally exists on the brink of hypoxia, 
due in part to high metabolic activity required for transport processes and 
low blood flow to this segment. The hairpin configuration of the vasa recta 
capillaries (essential for normal operation of the countercurrent mechanism) 
results in the exchange of oxygen between the oxygen-rich blood leaving the 
cortex and entering the descending capillary limb and the oxygen-poor blood 
draining the inner medulla in the ascending capillary limb (Fig. 11.3). The net 
effect is that the PO, bathing the cells of the thick ascending limb of the loop 
of Henle is normally as low as 10 to 20 mmHg. It might therefore be expected 
that the tubular cells in the medulla would be most susceptible to ischemic 
injury. Both animal and human studies have suggested that, in many cases of 
postischemic ATN, there is preferential injury to the thick ascending limb and 
the terminal segment of the proximal tubule that ends in the outer medulla. 
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FIGURE 11.3. Development of hypoxia (with the tissue PO, falling below 
10 mmHg) in the renal medulla due to the exchange of oxygen between the 
descending and ascending limbs of the vasa recta capillaries (straight arrows) 
and oxygen consumption by the medullary cells (curved arrows). 


Pathogenesis 


Vascular Abnormalities. With acute ischemic injury, there is loss of renal 
autoregulation and a paradoxical increase in vasoconstriction resulting from 
increased cystosolic and mitochondrial calcium concentrations. Outer med- 
ullary congestion is another prominent finding of acute renal ischemia that 
may contribute to worsening hypoxia. Endothelial damage from increased 
oxidant injury has also been proposed to play a role, and oxidant injury may 
lead to a decrease in endothelial cell nitric oxide synthase (eNOS) and vaso- 
dilatory prostaglandins. 


Tubular Abnormalities. How tubular abnormalities in ischemic ATN 
mediate the fall in GFR is not completely understood but involves numer- 
ous mechanisms (Figs. 11.4 and 11.5). Studies have documented shedding 
of proximal brush border membranes and viable epithelial cells into the 
urine. With ischemic injury, abnormalities of the cytoskeleton have been 
demonstrated that result in translocation of the Na*-K*-ATPase from 
the basolateral to the apical membrane. This loss of vectorial sodium 
transport could explain the decrease in tubular sodium reabsorption 
that occurs in this condition. Hypoxia-induced activation of cysteine 
proteases such as calpain may play a role in the Na*-K*-ATPase trans- 
location. In addition, accumulation of cellular debris results in intratu- 
bular obstruction and the finding of dilated tubules on renal biopsy. The 
resulting elevation in intraluminal tubular pressure can disrupt epithe- 
lial cell tight junctions and integrin-mediated adhesion causing backleak 
of glomerular ultrafiltrate into the circulation. The decrease in proximal 
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FIGURE 11.4. Following ischemia and reperfusion, morphological changes 
occur in the proximal tubules, including loss of polarity, loss of the brush bor- 
der, loss of tight junctions, and redistribution of integrins and Na‘-K*-ATPase to 
the apical surface. Calcium and reactive oxygen species may also have a role in 
these morphological changes, in addition to subsequent cell death resulting from 
necrosis and apoptosis. Both viable and nonviable cells are shed into the tubular 
lumen, resulting in the formation of casts and luminal obstruction with backleak 
contributing to the reduction in the GFR. 


tubule sodium chloride reabsorption that results from these processes 
will lead to increased delivery to the macula densa and activate tubulo- 
glomerular feedback to reduce GFR. Since the afferent arteriole is vaso- 
constricted with ischemic injury, this may be sufficient to explain the 
very low GFR. 


Inflammation/Immune Response. Ischemia reperfusion injury induces 
release of inflammatory cytokines including TNFa, MCP-1, TGFf IL-6, 8, 18, 
and activation of Toll-like receptors resulting in increased neutrophil adhe- 
sion and activation of monocytes/macrophages dendritic cells and T lym- 
phocytes. The complement pathway is also activated and numerous signals 
contribute to these responses including, reactive oxygen species and nitric 
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oxide. Inducible NOS (iNOS) is induced with ischemia leading to increased 
NO levels and the scavenging of NO by oxygen radicals produces peroxyni- 
trite that contributes tubular damage. 


In some nephrons, the cellular injury is severe enough to 
impair sodium reabsorption but not severe enough to induce 
backleak. How might reduced sodium chloride reabsorption 
| 4 | in the proximal tubule and loop of Henle contribute to the 
decline in GFR in ATN? Consider the mechanisms by which 
the GFR is normally regulated. 


Treatment and Prevention 

Although it is often possible to identify patients at risk for developing ATN 
and major advances in understanding the pathogenesis have been achieved, 
effective therapeutic strategies remain elusive. Supportive care with dial- 
ysis and correction of electrolyte and metabolic disturbances remain the 
mainstay of therapy. Numerous potential strategies have been tried but not 
been found to be effective in patients with ischemic ATN (although sev- 
eral have demonstrated efficacy in animals’ models). These unsuccessful 
strategies include (1) loop diuretics to inhibit metabolic demands and pro- 
mote cell preservation, (2) forced diuresis to wash out cellular debris, and 
(3) ANP, mannitol, dopamine, calcium channel blockers to modulate renal 
hemodynamics. 


Aminoglycoside-induced Acute Tubular Necrosis 

The major causes of nephrotoxic ATN are listed in Table 11.1. One of the most 
common and pathogenetically best understood is the renal failure that may 
follow prolonged administration of an aminoglycoside antibiotic such as gen- 
tamicin or tobramycin. It has been estimated, for example, that an elevation 
in the plasma creatinine concentration of more than 0.5 to 1.0 mg/dL occurs 
in 10% to 20% of patients treated with these drugs. ATN can occur even if the 
plasma drug levels are closely monitored, although the risk is clearly greater 
in those patients with high peak drug levels. 


Pathogenesis 

The aminoglycosides are freely filtered across the glomerulus; most of the 
drug is then excreted with a small amount being taken up by and stored in 
the tubular cells, particularly those in the proximal tubule. Experimental 
studies suggest that intracellular aminoglycoside accumulation persists for 
as long as 4 to 6 weeks after therapy is discontinued. 

The number of cationic amino groups (NH?) per molecule appears to be 
an important determinant of nephrotoxicity. Neomycin (six per molecule), 
gentamicin (five), and tobramycin (five) produce the most renal injury; strep- 
tomycin (three) the least. 
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The role of molecular charge seems to be related to binding of the cat- 
ionic drug to receptors in the apical and subcellular membranes. At the apical 
membrane, the aminoglycoside may bind to anionic phospholipids, thereby 
promoting drug entry into the tubular cell. Within the cell, the aminoglyco- 
side accumulates within lysosomes, an effect that may also be dependent 
upon charge. Inhibition of lysosomal functions (such as decreased synthesis 
of the proteolytic enzymes cathepsin B and cathepsin L) may then be respon- 
sible for the associated cellular injury. 

The likelihood of developing renal failure is dependent upon the dose 
and the duration of therapy. The plasma creatinine concentration does not 
usually begin to rise until the aminoglycoside has been given for at least 
7 days in patients who are otherwise well. However, the latent period may 
fall to as little as 2 days if there is concurrent renal ischemia (due to volume 
depletion or hypotension) or sepsis with endotoxinemia. 


Prevention 

Careful monitoring of drug levels and minimizing the duration of drug 
therapy are at present the primary methods used to reduce the incidence 
of aminoglycoside nephrotoxicity. Studies indicate that aminoglycoside 
nephrotoxicity can be minimized by giving the entire dose once a day 
(4 mg/kg in one study) rather than in three divided doses (1.33 mg/kg 
each). Once-daily therapy results in very high peak plasma and urinary 
concentrations; the latter exceeds the reabsorptive capacity of the proxi- 
mal tubule so that most of the drug is excreted, not taken up by the tubu- 
lar cells. In contrast, reabsorption is not saturated with divided-dose 
therapy and drug uptake by the proximal cells is much greater over the 
course of the day. 


Contrast Nephropathy 


This is a common and often preventable form of toxic tubular injury since 
it is the only clinical circumstance where the exact timing of exposure is 
known beforehand. The development of contrast nephropathy in hospital- 
ized patients is associated with increased morbidity and mortality. 


Pathogenesis 

The mechanism of injury is thought to be a combination of direct vaso- 
constrictive effects of the contrast agent with tubular toxicity mediated by 
generation of free radicals. Risk factors for developing contrast nephrop- 
athy include existing renal insufficiency, especially if a consequence of 
diabetic nephropathy, advanced heart failure or other cause of reduced 
renal perfusion (such as hypovolemia), high total dose of contrast agent, 
and perhaps underlying multiple myeloma, especially if associated with 
hypercalcemia. 
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Prevention 

The best treatment of contrast-induced renal failure is prevention. The risk 
can be lowered through the use of isotonic intravenous fluids (either sodium 
chloride or sodium bicarbonate), lower doses of contrast, the use of “isosmo- 
lar” agents, the avoidance of repetitive studies that are closely spaced, and the 
avoidance of volume depletion and NSAID use. 


Clinical Course 


Postischemic or nephrotoxic ATN is associated with a progressive elevation 
in the plasma creatinine concentration, which may stabilize if the injury is 
not severe or continue to rise until dialysis is required. The renal failure typi- 
cally begins on the day of the insult with hypotension or the administration 
of a radiocontrast agent; in comparison, the onset is delayed with aminogly- 
coside therapy. 

The rate of rise in the plasma creatinine concentration is generally above 
0.5 mg/dL per day in patients with ATN. The maximum rate if there is essen- 
tially no GFR is approximately from 2 to 2.5 mg/dL per day. 

Recovery usually requires the regeneration of tubular cells, medi- 
ated in part by the activation of growth response genes and the release of 
growth factors. The recovery process can be accelerated in experimental 
animals; as examples, the administration of insulin-like growth factor I 
or epidermal growth factor can enhance tubular regeneration and the 
rate of improvement in renal function. The applicability of this obser- 
vation to humans is uncertain, since growth factors are not clinically 
available. 

Assuming that the underlying insult has been removed or corrected, 
the GFR rises and, as a result of the increased filtered creatinine load, 
the plasma creatinine concentration begins to fall within 3 to 21 days. 
The interval is shorter with a mild, self-limited injury and longer with a 
severe and persistent injury. For example, patients with continued infec- 
tion may have recurrent episodes of renal ischemia and prolonged renal 
failure, while patients with uncomplicated contrast nephropathy typi- 
cally show peak creatinine concentrations at 3 to 5 days and then begin 
to improve. 

Recovery of renal function is usually preceded by a progressive 
increase in urine output that is an indicator of the enhanced number of 
functioning nephrons. Most patients return to their previous baseline 
plasma creatinine concentration, although careful measurements of GFR 
will often reveal some degree of permanent injury. Some recent studies 
suggest that an episode of AKI may be a risk factor for subsequent develop- 
ment of chronic kidney disease (Chapter 13). In patients with prolonged 
ATN (>6 weeks), only partial recovery may be seen and some will remain 
dialysis dependent. 
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CASE DISCUSSION 


The patient presented at the beginning of the chapter had a fall in urine output 
and elevations in the BUN and creatinine concentration following major abdomi- 
nal surgery that was complicated by episodes of hypotension. The differential 
diagnosis in this setting is prerenal disease versus ATN. The urinalysis, high urine 
sodium concentration, high FENa, and urine osmolality of 320 mOsm/kg are all 
compatible with ATN. 

The 1.1-mg/dL elevation in the plasma creatinine concentration occurring 
so soon after surgery suggests that the decline in GFR is relatively severe. It is 
therefore likely that the great majority of nephrons are poorly functioning or 
nonfunctioning at the time laboratory tests were obtained. 

Since the patient is seen in the first few hours after the onset of postisch- | 
emic ATN, furosemide (a loop diuretic) is given in an attempt to increase the urine 5 

4 


output. Although this will make fluid management of the patient easier, there is 
no evidence that administration of diuretics will change the course of recovery. 
Patients who are oliguric (<400 mL of urine per day) have suffered a more severe 
injury and have a poorer prognosis than nonoliguric patients. Increasing urine 
output with the use of diuretics does not change the prognosis. The spontaneous 
recovery (or increase) in urine output usually precedes improvements in GFR and 
reductions in serum creatinine. 


EN Sodium balance can be maintained as the GFR falls by lowering the rate of 

tubular reabsorption. If, for example, the fractional excretion of sodium 
(FENa) is 0.6% at a normal GFR, then sodium excretion will remain constant at a 
GFR that is 20% of normal if the FENa increases fivefold to 3%. Increased ANP, 
decreased activity of the renin—angiotensin—aldosterone system, and pressure 
natriuresis due to volume expansion-induced hypertension all may contribute to 
the decline in sodium reabsorption. (These hormonal systems are reviewed in 
Chapter 2.) 

Potassium balance, on the other hand, is maintained by increased collect- 
ing tubule potassium secretion. This process is stimulated by a rise in the plasma 
potassium concentration and by aldosterone (see Chapter 7). Note that the rate 
of aldosterone release cannot be predicted in renal disease, since it will tend to be 
suppressed by volume expansion and enhanced by hyperkalemia. 


F The relationship between the plasma creatinine concentration and the GFR 

can be predicted only in the steady state when creatinine production and 
excretion are equal and the plasma creatinine concentration is stable. The GFR 
cannot be predicted the day after surgery, since it is not known if the patient is in 
a steady state. For example, the GFR could be below 5 mL/min and the plasma 
creatinine concentration will continue to rise each day because excretion remains 
below the rate of production. 
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If, however, the plasma creatinine concentration is stable for several days, 
then the steady state is present. In this setting, the product of the GFR and the 
plasma creatinine concentration must be constant. This product reflects the 
amount of creatinine filtered and excreted, which, in the steady state, is equal to 
the relatively constant amount of creatinine produced. Thus, 


20 x 4=6 x new GFR 
New GFR = 13.3 mL/min 


EJ In obstruction, as in other renal diseases, the urine output is equal to the 

difference between the GFR and tubular reabsorption. Complete obstruc- 
tion results in no urine output, but the output is not predictable in patients with 
partial obstruction. Although the GFR may be markedly reduced (from elevated 
tubular pressure), tubular reabsorption also may be diminished due to both the 
adaptations described in the answer to Question 1 and tubular injury induced by 
the elevated intratubular pressure. Thus, an output of 1,500 mL/day does not 
exclude the presence of partial urinary tract obstruction. 


4 | Reduced sodium chloride reabsorption in the proximal tubule and loop of 

Henle will increase the delivery of chloride to the macula densa. This will 
activate the tubuloglomerular feedback system (see Chapter 1), which will lower 
the nephron filtration rate until macula densa delivery has returned toward nor- 
mal. If this compensatory decline in GFR did not occur, the reabsorptive capacity 
of the distal and collecting tubules might be overwhelmed, leading to potentially 
fatal sodium and water losses. Thus, some investigators have called ATN “acute 
renal success,” since systemic hemodynamics are preserved. 
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CASE PRESENTATION 


A 38-year-old woman has chronic glomerulonephritis due to immunoglobulin A 
(IgA) nephropathy. She presented with intermittent episodes of gross hematuria, 
but her disease has been overtly quiescent for the past 4 years. During this time, 
her plasma creatinine concentration has gradually risen from 1.3 to 2.2 mg/dL. 
This has been accompanied by a progressive elevation in protein excretion (from 
1.3 to 3.2 g/day), but the urine sediment has remained inactive, with only a few 
cells being seen. 

Physical examination is unremarkable except for a high blood pressure of 
140/90 mmHg. There is no edema. 
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j By the end of this section, you should have an understanding of each 
f of the following issues: 


m The adaptive responses by the kidney to loss of functioning nephrons, 
regardless of cause. 

m The potential importance of intraglomerular hypertension and 
nephron hypertrophy in producing secondary glomerular injury that 
is independent of the activity of the primary kidney disease. 

m The risk factors for and the clinical findings in the kidney disease 
associated with diabetes mellitus (diabetic nephropathy). 

m The therapeutic modalities that may slow disease progression in 
humans, irrespective of the underlying disease. 


Introduction 


There are currently over 20 million patients in the United States being 
treated for chronic kidney disease, many of them having reached end- 
stage kidney disease (ESKD) either undergoing chronic dialysis (72%) or 
with a functional kidney allograft (28%); each year, new cases (incidence) 
are added to this number. In 2009, the incidence of ESKD was 350 per mil- 
lion population, while the prevalence was five times that number, namely 
1738 patients with ESKD per million. The replacement treatment (some 
modalities of dialysis or transplantation) is not only exceedingly costly 
but also ineffective in terms of outcome and quality of life. Thus, the 
annual total cost for treatment of patients with ESKD in 2009 was about 
$40 billion, the annual mortality rate in patients with end-stage disease 
and on dialysis exceeded 20%, the mean number of comorbid conditions 
in dialysis patients was about 4 per year, and the mean number of days 
spent in the hospital was about 15. In the great majority of cases, progres- 
sion to ESKD occurs slowly over a period of several to many years. The 
most common causes of progressive chronic kidney failure are diabetic 
nephropathy, chronic glomerular diseases, polycystic kidney diseases, and 
primary forms of vascular injury, including the so-called “hypertensive 
nephrosclerosis.’ 

Although it has been appreciated for a long time that many patients with 
chronic kidney disease inexorably progress, it had been thought that contin- 
ued activity of the underlying disease (which was often untreatable) played a 
major role. It now seems clear, however, that the prominent glomerular, vas- 
cular, and tubulointerstitial changes that are typically associated with pro- 
gressive disease may be induced in part by secondary disease-independent 
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functional, structural, and metabolic adaptations. Experimental and clinical 
observations suggest that treatment aimed at these secondary factors, rather 
than the primary disease, may slow or even prevent the decline in glomerular 
filtration rate (GFR) that is seen in this setting. 

Consider, for example, the course of events in chronic pyelonephritis 
due to vesicoureteral reflux in young children (see Chapter 10). Recurrent 
or persistent infection in this disorder leads to classic pyelonephritic scars 
primarily involving the tubules and interstitium. The loss of functioning 
nephrons leads to prominent compensatory enlargement of glomeruli in 
better preserved areas in an attempt to maintain the GFR. Focal and segmen- 
tal sclerosis of capillaries in these glomeruli ensues over a period of years, 
often with entrapment of plasma-derived proteins, which results in hyalino- 
sis. This lesion has been called focal and segmental glomerulosclerosis with 
hyalinosis, and it may be difficult to distinguish this lesion by light micros- 
copy alone from similar glomerular abnormalities observed in the idiopathic 
nephrotic syndrome due to primary or idiopathic focal glomerulosclerosis 
(see Chapter 9). Of particular importance, when the scarring process in 
chronic pyelonephritis has reached a critical level of kidney damage, the rate 
of progression of these glomerular lesions does not appear to be diminished 
by surgical correction of the reflux and prevention of further kidney infection 
with antimicrobial agents. 

Thus, primary tubulointerstitial, vascular, and glomerular diseases even- 
tually show secondary glomerular injury manifested morphologically as 
secondary or adaptive focal and segmental glomerulosclerosis and clini- 
cally by slowly increasing proteinuria, hypertension, and a gradual eleva- 
tion in the plasma creatinine concentration. This sequence of events has 
been documented in many chronic tubulointerstitial disorders (such as 
papillary necrosis due to analgesic abuse), in children in whom glomerular 
hypertrophy results from being born with too few functioning nephrons 
(as in unilateral kidney agenesis and oligomeganephronia), in patients 
with cystic diseases, in patients with primary glomerular diseases, in a 
subgroup of patients with morbid obesity or the metabolic syndrome, in 
patients with diabetes mellitus, and in patients with vascular diseases 
that result in focal scarring of the kidney parenchyma due to ischemia or 
underperfusion (postpartum acute kidney failure, scleroderma, antiphos- 
pholipid syndrome, etc.). 

Glomerular hypertrophy and increased filtration per nephron are 
also seen in some metabolic disorders early in their course, before overt 
kidney injury has occurred. Examples include diabetic nephropathy 
(which is discussed below), the kidney damage seen in patients with the 
metabolic syndrome, and glycogen storage diseases. These conditions are 
associated with progressive glomerulosclerosis similar to that described 
previously, and it has therefore been proposed that the hemodynamic 
and structural changes are at least partially responsible for this type of 
kidney injury. 
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This chapter will review the experimental findings that have helped to 
define better the nature of these adaptations and then present the human 
data suggesting that treatment aimed at reversing the hemodynamic changes 
slows the rate of progressive glomerular injury, proteinuria, and loss of GFR. 


Remnant Kidney Model of Focal 
Glomerulosclerosis 


Many of the current concepts on the mechanisms responsible for second- 
ary or adaptive focal and segmental glomerulosclerosis have been derived 
from the remnant kidney model in the rat. In this model, one kidney is 
usually removed and two-thirds of the other is infarcted by ligation of seg- 
mental arterial branches. Thus, a five-sixths nephrectomy is essentially 
performed, leaving behind a remnant of normal kidney tissue consist- 
ing of about one-third of one kidney. Although initially used to study the 
mechanisms by which the kidney responds to nephron loss, it was noted 
that these animals usually developed end-stage kidney failure within 4 to 
6 months. Histologic examination of kidney tissue revealed widespread 
focal global and segmental glomerulosclerosis in the nephrons of the initially 
normal remnant kidney. 

No cause for the glomerular injury was apparent, raising the possibility 
that the associated functional and structural adaptations might have played 
an important role. How these changes occur is incompletely understood, 
but endocrine and other humoral mediators are thought to be responsible. 
Regardless of the mechanism, it has been presumed that the response to 
nephron loss in this experimental model is similar to that seen in humans 
with any form of progressive kidney disease. 


Functional Adaptations 


A substantial reduction in the number of functioning nephrons in the rat (i.e., 
five-sixths nephrectomy) and other experimental animals leads to systemic 
hypertension and to an increase in the single nephron glomerular filtration 
rate (SNGFR) in the remaining nephrons; the magnitude of the latter change 
roughly correlates with the extent of nephron loss. 

The elevation in SNGFR results in large part from a marked reduction in 
glomerular arteriolar resistance; this vasodilation is uneven and results in 
a greater distention of the afferent than the efferent arteriole. Afferent dila- 
tion induces two major changes in the remnant kidney when compared with 
sham-operated rats with two intact kidneys (Fig. 12.1, upper panel): 


a An elevation in intraglomerular pressure (and hence in the transcapillary 
hydraulic pressure gradient, AP), since more of the systemic pressure is 
transmitted to the glomerulus. 

= A marked increase in effective kidney plasma flow, Q, 


CHAPTER 12 Progression of Chronic Renal Failure 349 


| | | | | | | | 
0 50 100 15 30 70 100 200 300 
SNGFR (nL/min) AP (mmHg) Q; (nL/min) 


5/6 Nx 


l | | | | | | | 
1 2 3 50 100 150 50 100 


Vg x 10 pm? Nepc/G N,(EpC) 1/106 tum 


fo) 


FIGURE 12.1. Hemodynamic and structural adaptations in the rat following 
subtotal nephrectomy (5/6 Nx). Upper panel: Glomerular arteriolar vasodilation 
(afferent much greater than efferent) led to increases in single nephron plasma 
flow rate (Q,) and a rise in the mean transcapillary hydraulic pressure gradi- 
ent (AP). The latter is equal to the difference between the hydraulic pressure 
in the glomerular capillary and in Bowman's space. These adaptations result in 
an approximately twofold elevation in single nephron glomerular filtration rate 
(SNGFR). Lower panel: The hemodynamic changes are associated with a sizable 
increase in glomerular tuft volume (V,) with corresponding expansion of the sur- 
face area available for filtration. The level of hypertrophy, however, is not uniform, 
since there is not a similar degree of hyperplasia of the visceral epithelial cells. The 
number of epithelial cells (N, -/G) remains unchanged since these terminal cells do 
not undergo cell division, which results in a reduction in the density of these cells 
within the enlarged volume of the glomerular tuft [N (EpC)]. 


Concurrent systemic hypertension induced by the nephron loss will 
exacerbate these hemodynamic changes by further increasing glomerular 
pressure and plasma flow. 


Structural Adaptations 


These hemodynamic compensations are associated with significant struc- 
tural changes. As illustrated in the lower panel in Figure 12.1, kidney hyper- 
trophy in the remnant leads to an increase in the volume of the glomerular 
tuft, without a corresponding increase in the number of highly differentiated 
and terminal visceral epithelial cells. This results in a reduction in the cell 
density of the epithelium within the enlarged tuft, a change that is thought to 
be an important factor in the ensuing glomerular injury. 
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Pathogenesis of Proteinuria and Glomerulosclerosis 


The combination of glomerular hypertrophy and intraglomerular hyperten- 
sion can induce functional and structural abnormalities of the cells in the 
glomerulus; there is evidence for epithelial cell injury that results in hya- 
line accumulation in the glomerular capillary wall, mesangial dysfunction 
that results in expansion of the matrix and microaneurysm formation, and 
endothelial cell dysfunction that leads to capillary thrombosis. Each of these 
changes may contribute to the associated progressive glomerular damage 
that is initially manifested clinically by proteinuria and histologically eventu- 
ally by focal and segmental glomerulosclerosis (Fig. 12.2). 


Epithelial Cell Injury 

The enlargement of the glomerular tuft leads to a greatly enlarged filtra- 
tion surface and hypertrophy (increased size of the cell) but not hyperpla- 
sia (increased number of cells) of the visceral epithelial cell. During this 
response, the epithelial cells no longer manage to maintain intact all inter- 
digitating foot processes and filtration slit diaphragms. These changes are 
very isolated in the beginning and are manifested by focal epithelial cell sim- 
plification that results in segmental effacement or “fusion” of foot processes 
in some capillaries; other parts of the greatly expanded capillary surface 
show more severe injury such as focal loss and even denudation of the epithe- 
lial cells. As described in Chapter 9, the slit diaphragms between the intact 
epithelial cell foot processes are part of the small pore system of filtration 
and represent a major component of the resistance to the filtration of water; 


| 
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FIGURE 12.2. Structural and functional maladaptations following subtotal 
nephrectomy (5/6 Nx) in the rat. The permeability of the glomerular capillary 
wall to proteins is increased, leading to significant albuminuria (U „V). The ultra- 
filtration coefficient K,, which is a measure of the number of small pores allowing 
the filtration of water and small solutes, has fallen. This change is most likely a 
reflection of two factors: the simplification and effacement of foot processes over 
large areas of the glomerular capillary wall and the development of segmental 
sclerosing lesions with obsolescence of capillaries and hyaline deposition in the 
glomeruli. % SS, the percentage of glomeruli with segmental sclerosis. 


CHAPTER 12 Progression of Chronic Renal Failure 324 


they also greatly affect the trafficking of macromolecules such as albumin 
across the glomerular capillary wall. Thus, distortion and loss of the slit dia- 
phragms and denudation of the capillary wall will lead to an increased local 
flow of ultrafiltrate and increased convection of albumin. Protein excretion 
increases only in those nephrons with damaged visceral epithelium (see also 
Chapter 9; Fig. 9.6). The result of these structural changes is loss of hydraulic 
conductivity (K,), proteinuria, and eventually focal and segmental glomer- 
ulosclerosis; these functional changes can be considered an expression of 
the “insufficiency” of the glomerular visceral epithelial cell to maintain its 
structural integrity following the hemodynamic and structural adaptations 
described earlier. 


Hyaline Accumulation and Mesangial Expansion 

Those areas in which the epithelial cell has been denuded are freely open 
to filtration, leading to an increased flux of water, small solutes, and some 
macromolecules across the glomerular capillary wall. This increase in per- 
meability plus the associated intraglomerular hypertension will favor the 
accumulation of very large plasma proteins (e.g., fibrin, IgM, and activated 
complement components) in the subendothelial space, since they are too 
large to pass through the glomerular basement membrane (GBM). This 
amorphous, hyaline material will eventually lead to narrowing and complete 
occlusion of the capillary lumens, a process that may be exacerbated by con- 
current increases in mesangial matrix and cellularity that are induced by an 
increase in macromolecule entry into the mesangial space. 


Microaneurysm Formation 

The combination of the increase in the glomerular capillary radius (due to 
enlargement of the glomerular tuft) and the elevation in the intraglomerular 
pressure can produce a significant rise in the tension exerted on the glomeru- 
lar capillary wall. This increase in tension may eventually exceed the tensile 
strength of the fibrillary structures that connect the mesangial cells to the 
GBM at the level of the neck of the capillaries (see right panel of Fig. 9.3), 
leading to rupture of these structures and the formation of a microaneurysm 
that affects several capillary loops connected to the same (defective) mesan- 
gial area. These microaneurysms usually thrombose due to exposure of cir- 
culating platelets to matrix components, and a local inflammatory response 
is triggered. Eventually, these lesions organize within a few weeks, leaving 
behind collapsed capillaries with entrapped cellular debris, representing an 
area of segmental and sometimes nodular sclerosis. The influx of macro- 
phages into the mesangium and an increased delivery or local generation of 
cytokines and growth factors may also result in overproduction of matrix by 
the mesangial cell. This process will also contribute to the expansion of the 
mesangium, often resulting in nodular glomerulosclerosis. These lesions are 
particularly prominent in diabetic glomerulosclerosis. 
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Endothelial Cell Dysfunction 

Thrombi within the glomerular capillaries are often seen in experimental 
animals with five-sixths nephrectomy; they are the result of endothelial cell 
dysfunction. How this occurs is not completely understood, but increased 
shear stress induced by intraglomerular hypertension and hyperperfusion 
may cause the endothelial cells to lose their natural thromboresistance, 
resulting in an increase in platelet adhesion to the cell surface. This loss of 
thromboresistance of the endothelium has been demonstrated in cultured 
cells exposed to increased shear stress and turbulent flow conditions. 


SUMMARY 


The relative importance of any one of the changes listed previously is uncertain. 
Nevertheless, the aggregate effect is segmental capillary collapse and glomeru- 
losclerosis, manifested clinically by proteinuria and progressive kidney failure 
(Fig. 12.3). Furthermore, this sequence leads to a positive feedback loop. The loss of 


some nephrons will induce more pronounced hypertrophy and hypertension in the 
remaining glomeruli, thereby increasing their risk of secondary glomerular injury. 

It is important to remember that the development of glomerulosclerosis 
is independent of the activity of the underlying disease. Furthermore, reversing 
the intraglomerular hypertension may minimize the severity of these deleteri- 
ous changes or even prevent them from occurring, as will be discussed below. 
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FIGURE 12.3. Flow diagram summarizing the events leading to progres- 
sive glomerulosclerosis and proteinuria in the subtotal nephrectomy model 
of chronic kidney failure. The loss of filtering nephrons leads to functional and 
structural adaptations that result in a positive feedback loop that can eventually 
destroy most of the nephrons. 
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Vascular and Tubulointerstitial Damage 


Although glomerulosclerosis is the most prominent change in the remnant 
kidney, both vascular and tubulointerstitial injuries also occur. The increased 
pressure and flow through the arterial system may also result in additional 
endothelial cell dysfunction, leading to thrombosis and accumulation of cell 
debris and connective tissue in the subintima. Systemic hypertension can 
also cause hypertrophy of smooth muscle cells in the media and, if the hyper- 
tension is severe, fibrinoid necrosis of the wall. These vascular changes result 
in additional injury of the parenchyma due to ischemia and hypoperfusion. 

Tubular atrophy and interstitial fibrosis are also common in animals 
with progressive kidney failure. This process is probably also related, at least 
in part, to the progressive glomerulosclerosis. Given the unique distribution 
pattern of the peritubular microcirculation, the lack of blood flow through 
the efferent arteriole of a damaged or sclerosed glomerulus will result not 
only in atrophy of that entire nephron but also in ischemia of tubular ele- 
ments in close proximity but unrelated to the sclerosed glomerulus. The 
affected tubules can be located in the cortex or in the medulla, the latter in 
the case of sclerosis that affects juxtamedullary glomeruli. Several additional 
factors have also been postulated to contribute to the tubulointerstitial dam- 
age observed in experimental animals and in patients with progressive kid- 
ney disease: 


= Calcium phosphate deposition—A fall in GFR leads to initial phosphate 
retention and secondary calcium phosphate deposition in the tissues (see 
Chapter 13). An increase in calcium phosphate content in the kidney can 
be demonstrated in humans before the plasma creatinine concentration 
reaches above 1.5 mg/dL. 

= Local ammonia accumulation—tThe tubules as well as the glomeruli 
must hypertrophy in the remnant kidney. If, for example, the daily acid 
load remains constant and the number of nephrons is reduced by five- 
sixths nephrectomy, then each nephron must increase ammonia produc- 
tion and ammonium excretion sixfold if acid-base balance is to be main- 
tained. In general, only a three- to fourfold increase can be achieved so 
that animals and patients with a marked loss of functioning nephrons 
develop metabolic acidosis (see Chapter 6). The local accumulation of 
some of this excess ammonia can directly activate complement via ami- 
dation, a process that induces accumulation of macrophages resulting 
in tubulointerstitial inflammation and eventually fibrosis. This process 
can be ameliorated in experimental animals with partial nephrectomy by 
administration of sodium bicarbonate. 

= Proteinuria as a direct driving force of tubulointerstitial injury— 
Direct tubular injury can also be induced by the generation of oxygen- 
reactive species, a result of the increased iron that reaches the tubule cells 
through increased filtration of transferrin. It has also been postulated 
that several lipid precursors (fatty acids) that reach the tubule cell via 
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the filtered and reabsorbed albumin would contribute to the generation 
of potent chemotactic agents, driving an inflammatory process at this 
level that is independent of the glomerular changes already discussed. 
Macrophages are considered to be the source of cytokines and growth fac- 
tors, including TGFB, which is postulated to contribute to the increased 
deposition or decreased degradation of matrix components and scar col- 
lagen. Hence, it has been suggested that measures that reduce proteinuria, 
such as angiotensin-converting enzyme (ACE) inhibitors, angiotensin II 
receptor blockers, and other selected antihypertensive agents, or agents 
that affect the initial inflammatory response or the scarring process, would 
result in a beneficial effect on the tubule and on the interstitium that are 
independent of the effects on the glomerulus. 


Prevention of Secondary Glomerular Injury 


These experimental studies in the rat may have important therapeutic impli- 
cations, since treatment aimed at reversing the intraglomerular hyperten- 
sion and hypertrophy or the degree of proteinuria and interstitial inflamma- 
tion may slow the rate of or even prevent secondary glomerulosclerosis. Two 
major forms of therapy have been utilized: dietary protein restriction and 
antihypertensive therapy, preferably with an ACE inhibitor or angiotensin II 
receptor blockers. 


Dietary Protein Restriction 

The GFR in animals and humans varies directly with dietary protein intake. 
Ingesting a protein load, for example, can acutely raise the GFR by 15% to 
40% in normal subjects. This can be considered an appropriate response, 
since it will facilitate the excretion of potentially toxic protein metabolites. 
How it occurs is not clear, but amino acids may increase the secretion of an 
as yet unidentified renal vasodilating hormone. On the other hand, restrict- 
ing protein intake might be expected to lower the GFR and intraglomerular 
pressure. When administered to rats with a remnant kidney, a low-protein 
diet prevents the intraglomerular hypertension and hypertrophy, reduces the 
degree of proteinuria, largely prevents segmental glomerulosclerosis, and 
prolongs kidney survival. 


Antihypertensive Therapy 

An equivalent benefit can be achieved when the intraglomerular pressure is 
lowered by antihypertensive therapy. However, the degree of kidney protec- 
tion is in part dependent upon the antihypertensive agents that are used. 
ACE inhibitors decrease the formation of angiotensin II. The latter preferen- 
tially increases resistance of the efferent glomerular arteriole. Thus, lower- 
ing angiotensin II levels will lead to a more pronounced efferent dilation, a 
change that will directly reduce the intraglomerular pressure. This regimen 
may also minimize glomerular hypertrophy, since angiotensin II can act as 
a growth promoter. 
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Administration of an ACE inhibitor is clearly beneficial in the remnant 
kidney. In comparison, antihypertensive therapy with triple therapy consist- 
ing of a combination of hydrochlorothiazide (a diuretic), reserpine (a sympa- 
thetic blocker), and hydralazine (a direct vasodilator) results in preferential 
afferent arteriolar dilation. Although the systemic blood pressure is reduced 
with this regimen, more of the arterial pressure is transmitted to the glom- 
eruli, thereby preventing a fall in intraglomerular pressure. Hence, triple 
therapy provides no protection against progressive proteinuria and glomeru- 
losclerosis (Fig. 12.4). 

The efficacy of other antihypertensive drugs, such as the calcium channel 
blockers, is less certain, since a beneficial effect is dependent upon the drug 
resulting in a reduction in intracapillary pressure; it is now established that 
the nondihydropyridine calcium channel blockers have a significant antipro- 
teinuric effect and may be “renoprotective,’ while the dihydropyridines have 
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FIGURE 12.4. Change in daily protein excretion over time following subtotal 
nephrectomy (or ablation) in untreated rats that were hypertensive and in rats 
in which the hypertension was corrected by the administration of enalapril, an 
angiotensin-converting enzyme (ACE) inhibitor, or triple therapy with hydro- 
chlorothiazide, reserpine, and hydralazine (TRX). Untreated and TRX-treated 
animals had increasing glomerulosclerosis (not shown). These abnormalities were 
almost entirely prevented by enalapril. 
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no effect on proteinuria. This topic will be discussed in more detail in the 
section on the use of antihypertensive agents in humans. 


Lipid-Lowering Therapy 

Although beyond the scope of this discussion, chronic kidney failure of any 
cause is often associated with the gradual development of hyperlipidemia. 
These changes are much more prominent in the nephrotic syndrome, where 
the plasma cholesterol concentration may be markedly elevated, exceeding 
500 mg/dL in some cases. In addition to promoting systemic atherosclero- 
sis, it has been shown that the increased lipid levels can also contribute to 
the glomerular injury, perhaps via a process analogous to atherosclerosis. 
Lowering the plasma lipid concentration with hypolipidemic drugs has been 
shown to minimize both the degree of proteinuria and segmental sclerosis in 
the remnant kidney model. 

Other factors are also thought to contribute to the progression of kidney 
disease and require therapeutic interventions; these factors include high cir- 
culating or local levels of aldosterone and corticosteroids, altered prostanoid 
metabolism, anemia, hyperhomocysteinemia, and currently unidentified 
racial and genetic factors that accelerate or predispose to chronic kidney 
failure. 


Experimental Diabetic Nephropathy 


One criticism voiced earlier against the previously mentioned experimental 
studies is that the remnant kidney is an extreme situation and that it may not 
be a realistic model of human chronic kidney disease. The numerous trials 
performed to date in patients with progressive kidney diseases have proven 
that these concerns were largely unfounded. As a result, diabetic nephropathy 
in the rat has also been extensively evaluated. Via an uncertain mechanism, 
renal vasodilation and hypertrophy, an increased GFR, and intraglomerular 
hypertension are all induced by the metabolic abnormalities associated with 
hyperglycemia and/or insulin deficiency. These changes occur early in the 
disease before nephron loss has occurred; they are initially reversible with an 
intensive insulin regimen instituted to normalize the metabolic abnormality 
and the plasma glucose concentration. 

Therapeutic studies in experimental diabetes mellitus have essentially 
replicated the results in the remnant kidney. Despite giving only enough 
insulin to prevent severe hyperglycemia, a low-protein diet, administra- 
tion of an ACE inhibitor, or hypolipidemic therapy reduces the degree of 
proteinuria and segmental glomerulosclerosis in animals. Once again, 
triple therapy appears to be ineffective to reduce proteinuria and progres- 
sive glomerulosclerosis compared with an ACE inhibitor or an A-I blocker. 
Thus, treating the hemodynamic, metabolic, and structural adaptations 
is beneficial, even if the underlying disease is not entirely corrected, as in 
diabetes mellitus. 
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Human Studies 


The applicability of these experimental findings to progressive chronic 
kidney disease in humans is currently well established. Large definitive 
trials have shown a beneficial effect from therapies aimed at minimizing 
or preventing secondary or adaptive and disease-independent glomerular 
injury. Although there are few studies on slowing progression by treating 
hyperlipidemia and metabolic acidosis, it is probably desirable to treat 
these problems to minimize atherosclerosis, renal bone disease, and mus- 
cle wasting (see Chapters 6 and 13). 
The following discussion will center on the following questions: 


= Is the remnant kidney model applicable to human disease? 

= What are the clinical implications of hypertrophy of the remaining func- 
tioning nephrons? 

= What are the clinical characteristics of diabetic nephropathy, a common 
cause of slowly progressive chronic kidney failure? 

= What data are at present available on the efficacy of dietary protein restric- 
tion (which also includes phosphate restriction) and antihypertensive 
therapy? 

= Might there be a preferential benefit from the use of ACE inhibitors as 
opposed to other antihypertensive agents? 

= Is there an additional benefit to be gained from the use of a combination of 
an ACE inhibitor, an angiotensin II receptor blocker, and other inhibitors 
or antagonists of the renin—angiotensin-aldosterone system? 


Kidney Response to Nephron Loss 


It has been known for some time that compensatory hypertrophy and hyper- 
filtration occur in humans following nephron loss. For example, surgical 
removal of one kidney may be performed for a number of reasons, including 
malignancy and donation for kidney transplantation. Although 50% of the 
kidney mass has been removed in this setting, the GFR usually falls by only 
20% to 30%. Thus, the nephrons in the remaining kidney must have increased 
their individual filtration rates by approximately 50%. 

The long-term implications of these changes are clearly an important 
issue. Monitoring of kidney transplant donors has revealed only a slight 
increase in the incidence of proteinuria and hypertension at 10 to 15 years. 
However, a recent study looked at more marked loss of kidney mass in 
patients undergoing partial nephrectomy in a solitary kidney (usually for can- 
cer). As shown in Figure 12.5, the degree of proteinuria that was seen was 
dependent upon both the duration and degree of nephron loss. Patients who 
had less than 20% to 30% of their total kidney mass remaining for more than 
10 years, a situation not unusual in many patients with kidney tumors, were 
most likely to have relatively heavy proteinuria. Kidney biopsy in this setting 
showed focal and segmental glomerulosclerosis, similar to that in the animal 
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FIGURE 12.5. Degree of proteinuria in patients who have undergone partial 
nephrectomy in a solitary kidney according to amount of kidney mass remaining 
and duration of follow-up. Patients with <20% of the total kidney mass remain- 
ing appear to be at greatest risk for developing clinically significant proteinuria 
after 10 years. 


models, and some patients progressed to ESKD. Thus, the human response 
to nephron loss is “dose dependent” and appears to be similar to that in ani- 
mals; proteinuria is again the earliest clinical marker of hemodynamically 
mediated glomerular injury. 


Effect on Evaluation of Patients with Chronic Kidney Disease 
In addition to possibly promoting secondary glomerular injury, the com- 
pensatory hyperfiltration following nephron loss can also interfere with the 
clinical evaluation of the course of the underlying kidney disease. Serial mon- 
itoring of both the GFR (via measurement of the plasma creatinine concen- 
tration) and the urinalysis are the most common modalities used to assess 
disease activity. As described in Chapter 1, increased creatinine secretion by 
the tubules can minimize the elevation in plasma creatinine concentration 
that should follow a reduction in GFR. Similarly, hyperfiltration in remain- 
ing nephrons may mask significant and even persistent nephron loss due to 
ongoing but subclinical kidney diseases. 

The potential importance of the latter phenomenon has been demon- 
strated in patients with immune complex-mediated glomerulonephritis due 
to systemic lupus erythematosus that was refractory to conventional therapy. 
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An experimental regimen of total lymphoid irradiation (to diminish immune 
activity) successfully induced clinical remission of both the kidney and extra- 
renal disease: After 3 years, the GFR was stable (at about 45 mL/min) and 
protein excretion had fallen by 80%; however, the kidney disease continued 
to progress during this period as documented by yearly kidney biopsies. As 
depicted in Figure 12.6, the percentage of glomeruli that were completely 
scarred (or sclerotic) increased from 15% to almost 60%. This scarring pre- 
sumably reflected healing of glomeruli previously damaged by inflammation 
during the period of active disease. Despite the loss in functioning neph- 
rons, the total GFR was unchanged because the remaining glomeruli hyper- 
trophied, reaching a volume almost twice the upper limit of normal. This 
increase in size must have been accompanied by an elevation in filtration 
rate in these individual nephrons. Over time, these enlarged glomeruli might 
be susceptible to hemodynamically mediated injury even if the underlying 
lupus remains inactive. 
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FIGURE 12.6. Effect of total lymphoid irradiation (TLI) on glomerular mor- 
phology in patients with lupus nephritis who had a stable glomerular filtration 
rate (GFR; 45 to 50 mL/min) and an 80% reduction in protein excretion. The 
number of sclerosed glomeruli increased from 15% before TLI to almost 60% 
3 years later (top panel). This did not lead to a fall in GFR because of a marked 
increase in glomerular size (and presumably filtration) in those glomeruli that 
were preserved (bottom panel). 
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Diabetic Nephropathy 


Diabetic nephropathy is currently the single most common cause of kidney 
disease in patients coming to dialysis. It is estimated, for example, that 30% 
to 40% of patients with type 1 insulin-dependent diabetes mellitus (IDDM) 
will develop kidney failure during their lifetime. This disorder is character- 
ized clinically by slowly progressive proteinuria and by glomerular lesions 
characterized by a progressive increase in mesangial matrix and eventual 
capillary collapse, nodular glomerulosclerosis, and loss of glomerular filtra- 
tion. Since only a fraction of patients with diabetes mellitus develop ESKD, 
factors other than the metabolic abnormalities must play a critical role in the 
predisposition to diabetic nephropathy. 

It is clear that hyperglycemia and/or insulin deficiency play a major role 
in the pathogenesis of diabetic nephropathy, at least in part by inducing glo- 
merular hyperfiltration, capillary hypertension, and glomerular hypertro- 
phy as described in the animal models previously. Roughly 50% of patients 
with IDDM have a GFR that is 25% to 50% greater than normal in the earliest 
stages of the disease. This change is detectable in the first year, and patients 
with an initial GFR above 140 to 150 mL/min (normal equals 90 to 125 mL/ 
min) appear most likely to develop diabetic nephropathy. 

The factors responsible for the glomerular hyperfiltration in recently 
diagnosed diabetics are incompletely understood, but increased release 
of insulin-like growth factor I (which induces both renal vasodilation and 
hypertrophy) may be important. 

The earliest clinical manifestation of diabetic nephropathy is microal- 
buminuria, which usually develops in susceptible subjects with IDDM within 
8 to 15 years after the onset of the disease. Microalbuminuria refers to an 
increase in albumin excretion above 30 mg/day (normal is <20 mg/day). This 
abnormality is detectable years before the dipstick for protein becomes posi- 
tive. The dipstick is a relatively insensitive test for early glomerular disease, 
since it does not become positive until total protein excretion is >300 to 500 
mg/day (normal is <150 mg/day). 


Type 2 Diabetes Mellitus 

For reasons that are not well understood, both hyperfiltration and clinical 
kidney disease are generally slightly less common in patients with type 2 
noninsulin-dependent diabetes mellitus (NIDDM). There are, however, 
exceptions, such as the Pima Indians in the southwest United States. 
The incidence of diabetic nephropathy in Pima Indians with NIDDM 
approaches 50%. Affected patients have a higher GFR than matched 
controls, and increased albumin excretion can be demonstrated within 
3 years of the onset of the disease, much shorter than the 8- to 15-year 
latent period in IDDM. Thus, there appears to be an increased suscepti- 
bility to glomerular injury in Pima Indians that may at least in part be 
genetically determined. 
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Effect of Strict Glycemic Control 

Suboptimal glycemic control is clearly a risk factor for diabetic nephropa- 
thy. Intensive insulin therapy (either multiple daily injections or a continu- 
ous subcutaneous insulin pump) has allowed a near-normal plasma glucose 
concentration to be maintained throughout the day in patients with type 1 
diabetes. This regimen can reverse the initial glomerular hyperfiltration, and 
the development of microalbuminuria can be delayed. Intensive therapy also 
appears to be effective if begun after the onset of microalbuminuria, as albu- 
min excretion can be gradually reduced over a 2-year period. In comparison, 
strict glycemic control does not appear to be effective in slowing the rate of 
loss of GFR in patients with overt and well-established nephropathy, which is 
defined as having a positive dipstick for protein. This observation indicates 
the importance of other, perhaps hemodynamic factors in the progression 
of this disorder. The efficacy of modalities such as protein restriction and 
antihypertensive therapy will be described below. 


Kidney Function at Onset of Overt Disease 

There is one last finding that must be appreciated in this disorder. Diabetic 
patients predisposed to develop kidney disease may begin with a supernor- 
mal GFR of 150 to 170 mL/min. As progressive glomerular injury leads to 
dipstick-positive proteinuria, there is a concomitant 30% to 50% reduction 
in GFR to 90 to 100 mL/min. Conversely, a diabetic patient seen for the first 
time who presents with a GFR of 100 mL/min (similar to that in the normal 
general population) will have a normal plasma creatinine concentration. 
These patients already have advanced glomerulosclerosis on biopsy and, if 
left untreated, will progress to ESKD within 3 to 7 years. The combination of 
a normal plasma creatinine concentration and protein excretion that might 
be <1.0 g/day may lead the physician to conclude erroneously that this is a 
mild kidney disease. Although probably true in most other disorders, this is 
clearly not the case for diabetic kidney disease. 


Efficacy of Dietary Protein Restriction 


Dietary protein restriction and antihypertensive therapy are the two major 
modalities that have been applied to humans in an attempt to slow the rate 
of disease progression in patients with chronic kidney disease. Although the 
following discussion will present some of the findings that suggest these 
regimens may be beneficial, we cannot be certain of all the mechanism by 
which this occurs in patients. The animal models described previously sug- 
gest that a reduction in intraglomerular pressure may be important, but it 
is not known if this applies entirely to humans in whom intraglomerular 
hemodynamics cannot be measured directly as was done in the experimen- 
tal animals. 

Many of the trials reported thus far comparing a low-protein diet to 
a regular diet have involved a relatively small number of patients. Some 
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of these studies have shown benefit, whereas others have shown a trend 
toward a better outcome that was not statistically significant. The latter 
observation could represent a beta error (a false-negative result) in that the 
lack of statistical significance was a result of the small number of patients 
rather than lack of improvement with therapy. One large multicenter study, 
the MDRD (Modification of Diet in Renal Disease) study, showed only a rel- 
atively modest benefit of the low-protein diet on the rate of progression of 
the kidney failure; however, a very interesting biphasic response was noted 
in the group on a protein-restricted diet: There was a greater initial decline 
in GFR in the first 4 months (that may well have been a reflection of the 
reduction in intracapillary pressure brought about by the low-protein diet), 
followed by a slower rate of decline of the GRF over the ensuing 32 months 
of observation when compared with the group on the control diet. Thus, if 
one ignores the initial rapid fall in GFR in the group on a low-protein diet, 
the rate of the fall in GFR over the remainder of the observation period was 
clearly reduced in the group on a low-protein diet compared with the group 
that consumed a diet with a higher protein content (on average, 2.8 vs. 
3.9 mL/min loss of GFR per year). The long-term follow-up analysis of this 
study revealed a benefit of the low-protein diet on kidney failure and all- 
cause mortality at 6 years; this effect was lost, however, at 12 years after 
completion of the study, probably due to a decrease in adherence to the 
otherwise less palatable low-protein diet. 

Several meta-analyses have evaluated the effect of protein restriction 
on the rate of progression of kidney failure. One recent review published 
in 2006 suggests that a low-protein diet (0.3 to 0.6 g/kg per day) com- 
pared with a standard protein diet (>8 g/kg per day) was associated with 
a decreased risk of need for renal replacement therapy or death during 
the follow-up. 


Response in Diabetic Nephropathy 

Although only few results with dietary protein restriction are available in 
overt diabetic nephropathy, Figure 12.7 depicts the findings of two smaller 
studies of affected patients with IDDM who had an initial GFR that was usu- 
ally between 40 and 50 mL/min. As can be seen, the GFR fell by 0.6 to 1.0 mL/ 
min/month in the control groups at 18 to 36 months, whereas the rate of 
progression was reduced by approximately 75% in protein-restricted groups. 
A larger prospective study showed a similar decline in GFR in the protein- 
restricted group, and in the group on the control diet, the incidence of death 
or onset of ESKD was significantly reduced with protein restriction. 

If these results can be extrapolated over a longer period of time, they 
allow us to estimate the true benefit of the low-protein diet to the patient. 
Dialysis is generally begun when the GFR is <7 mL/min. Thus, a patient with 
a GFR of 45 mL/min who loses 12 mL/min/year (1 mL/min/month) would 
require dialysis in roughly 3 years. In comparison, on a low-protein diet, 
dialysis would be necessary in 12 years, a delay in the need for replacement 
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FIGURE 12.7. Effect of dietary protein restriction on the rate of decline in 
glomerular filtration rate in two different studies of patients with diabetic 
nephropathy. Reducing protein intake slowed the rate of disease progression by 
approximately 75%. 


therapy of 9 years, if the rate of loss of GFR were slowed by 75% to 3 mL/min/ 
year (0.25 mL/min/month). This theoretical benefit would be even greater if 
treatment were begun earlier in the disease when the dipstick for protein was 
positive but the GFR was still in the normal range. 


Efficacy of Antihypertensive Therapy 


Hypertension is a risk factor for a worse prognosis in almost any form of 
chronic kidney disease, in addition to the devastating effect on the cardio- 
vascular system. This observation alone, however, does not prove that hyper- 
tension accelerates progression, since the elevation in blood pressure could 
also be a marker for more severe kidney disease. 

Several large trials have looked at the efficacy of antihypertensive ther- 
apy in slowing the rate of progression in nondiabetic chronic kidney disease. 
The MDRD study mentioned previously also addressed the issue of aggres- 
sive versus conventional blood pressure control and progression of kidney 
failure. The more aggressive treatment was associated with no apparent 
benefit in patients with a protein excretion rate of <1 g/day, patients with 
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1 to 3 g/day of proteinuria showed a modest benefit, and a substantial and 
statistically significant slowing in the decline of the GFR was recorded in the 
group with >3 g/day of proteinuria. Several large trials have been performed 
to demonstrate a potentially preferential benefit of ACE inhibitors over other 
antihypertensive regimen. The ACE inhibitors tested in these studies were 
benazepril and ramipril. Virtually, in all subgroups of kidney diseases treated 
with ACE inhibitors were the effects on the chosen end points beneficial; 
notable exceptions were in patients with polycystic kidney disease and in 
those with a proteinuria of <1 g/day. A lack of renoprotection was found in 
one large trial using a dihydropyridine calcium channel blocker as antihy- 
pertensive therapy. Additional evidence in support of the superiority of ACE 
inhibitors in slowing the progression of kidney disease also comes from 
several meta-analyses. 

It must be emphasized that the primary renal aim of therapy in this 
setting may also be to lower the intraglomerular rather than the systemic 
pressure. This has led to treatment even in patients who are normotensive. 
Figure 12.8 shows the results of one small study of normotensive patients 
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FIGURE 12.8. Effect of 4-year treatment with captopril (an angiotensin- 
converting enzyme inhibitor) or placebo on albumin excretion in normotensive 
diabetics with microalbuminuria. Captopril lowered albumin excretion and 
no patient progressed to overt dipstick-positive proteinuria. In comparison, 
albumin excretion increased and progression occurred in 7 of 23 patients in 
the placebo group. 
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with IDDM who had microalbuminuria. The patients were treated either with 
captopril (an ACE inhibitor) or placebo and followed for 4 years. Albumin 
excretion fell in the captopril group and none of 21 patients progressed to 
overt, dipstick-positive proteinuria. In comparison, albumin excretion rose 
in the placebo group, 30% of whom progressed. It is of interest that there was 
little difference in systemic blood pressure between the two groups, suggest- 
ing that the primary effect of captopril was on the kidney. 

The results of a larger trial in established diabetic nephropathy are 
shown in Figure 12.9. Patients were randomized to captopril or placebo, and 
other antihypertensive drugs were added to patients in the placebo group as 
necessary. Both regimens lowered the blood pressure to the same degree, but 
the rate of progressive kidney injury was slowed by approximately 50% in the 
captopril group. 

Several studies have also explored the question of ACE inhibition ver- 
sus angiotensin II receptor blockers. These studies showed an equivalent 
beneficial effect on proteinuria and on the decline of the GFR. However, 
the combination of ACE inhibition and angiotensin II receptor block- 
ade in some studies offered the greatest anti-proteinuric effect. Only one 
major study evaluated the effect of the combination therapy on disease 
progression. 
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FIGURE 12.9. Effect of administration of placebo or captopril to patients 
with type 1 diabetes with overt proteinuria and a plasma creatinine concentra- 
tion 21.5 mg/dL. Likelihood of a doubling of the plasma creatinine concentration 
(PCr) was reduced by more than 50% in the captopril group. 
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Although at first glance this study was very promising, concerns about 
the reliability of the data and an increased incidence of adverse effects have 
significantly dampened the enthusiasm for this type of therapy. All of these 
human studies are outrageously expensive; public funds through the National 
Institutes of Health are often unavailable, and many of them are sponsored 
and financed entirely by the manufacturers of the drugs. Hence, these studies 
can be flawed in that they often lack a direct comparison between compet- 
ing agents (e.g., ACE inhibition vs. angiotensin receptor blockade), resulting 
in studies that extol the virtues of a newer, more expensive agent over older 
yet very effective and cheaper alternatives. This raises not only scientific but 
often also serious ethical concerns. 


Reduction in Protein Excretion 

The decline in protein excretion in Figure 12.8 may have more general impli- 
cations for evaluating the efficacy of any given therapy and potentially new 
drugs in chronic kidney disease. Studies in animals and mathematical mod- 
els of macromolecular permeability suggest that protein filtration through 
size-selective defects in an abnormally permeable glomerular capillary wall 
varies directly with the fraction of GFR that filters through the abnormal 
or large pore system, and this fraction, in turn, is a direct function of the 
glomerular capillary pressure. Thus, a reduction in protein excretion with 
antihypertensive therapy in humans may reflect, at least in part, a desired 
reduction in intraglomerular pressure. 

These observations have led to the hypothesis that the likelihood of 
long-term benefit can be assessed by measuring changes in protein excre- 
tion, which has effectively been viewed as a surrogate marker of progression. 
In particular, a fall in protein excretion in the short term may be associated 
with a better renal prognosis over longer periods of time. 

The following summarizes the results of many studies in chronic 
kidney disease, most of which were performed in patients with diabetic 
nephropathy: 


m ACE inhibitors and angiotensin II receptor blockers almost uniformly 
reduce protein excretion. The only other drugs that appear to be as effec- 
tive are the nondihydropyridine calcium channel blockers diltiazem and 
verapamil. There also appears to be a benefit from the combined use of an 
ACE inhibitor and angiotensin receptor blocker over single therapy with 
these agents, at least for the protein excretion rate. 

= Diuretics and B-blockers have less predictable antiproteinuric activ- 
ity; they usually have little or no effect on protein excretion (Fig. 12.9), 
although some studies have found a response similar to the ACE 
inhibitors. 

= The dihydropyridine calcium channel blockers, such as nifedipine, either 
have no effect on or may actually increase protein excretion. 
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What actions could nifedipine have on glomerular arteriolar 
resistance to allow protein excretion to increase despite a 
reduction in the systemic blood pressure? 


SUMMARY AND CASE DISCUSSION 


Experimental studies and many large trials in patients with kidney diseases or 
diabetic nephropathy have dramatically altered our approach to the patient with 
progressive chronic kidney disease. Treatment in the past was only aimed at the 
underlying kidney disease; now, therapy is also aimed at the secondary hemody- 
namic, structural, and metabolic changes that typically occur. These adaptations 
are disease independent; as a result, dietary protein restriction and therapeutic 
modalities such as the administration of an ACE inhibitor and/or angiotensin II 
receptor blockers may be broadly effective, even if the underlying disease cannot 
be effectively treated. 

Large trials have clearly shown the efficacy of this approach. Many physi- 
cians already recommend therapy with an ACE inhibitor and modest restriction 
of protein intake to patients with evidence of progressive kidney disease, such as 
a patient with type 1 diabetes with overt proteinuria. Some physicians will also 
begin therapy in IDDM when there is persistent microalbuminuria, since this is 
the earliest clinical sign of diabetic nephropathy. Unfortunately, there are also 
many patients with chronic kidney disease or diabetic nephropathy currently 
under medical care who are not receiving this type of therapy due to poor under- 
standing or complete ignorance of the basic pathophysiological principles among 
healthcare providers. 

One of the fundamental aims of therapy in this setting is to lower the intra- 
glomerular pressure, which may be elevated independent of the systemic pres- 
sure. Thus, there is no requirement of the patient to have systemic hypertension 
to begin therapy with an ACE inhibitor, an angiotensin II receptor blocker, or a 
nondihydropyridine calcium channel blocker. Although we cannot currently mea- 
sure or estimate the intraglomerular pressure in patients, a reduction in protein 
excretion is most likely a reflection of the desired intrarenal response and is cur- 
rently used as a valid surrogate marker for progressive kidney damage. 

The case presented at the beginning of the chapter represents another set- 
ting in which secondary factors are likely to be important and in which an ACE 
inhibitor and a low-protein diet might be beneficial. Although the patient has a 
primary glomerular disease, IgA nephropathy, a slowly progressive elevation in 
the plasma creatinine concentration and increasing proteinuria are occurring at a 
time when the benign urine sediment suggests that there is little active glomeru- 
lar inflammation. 
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ANSWERS T ESTION 


1| The rise in protein excretion suggests that the intraglomerular pressure 

has increased despite the fall in systemic pressure. This could occur either 
by dilation of the afferent glomerular arteriole (thereby allowing more of the 
systemic pressure to be transmitted to the glomerulus) or by constriction of the 
efferent arteriole. Studies in animals suggest that afferent dilation is the primary 
effect of nifedipine. 
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SIGNS AND SYMPTOMS _ 
OF CHRONIC RENAL | 
FAILURE | 


CASE PRESENTATION 4) 4 «og m 


A 34-year-old woman has had insulin-dependent diabetes mellitus for 23 years. 
She has developed a number of diabetic microvascular complications includ- 
ing retinopathy, peripheral neuropathy, and nephropathy. Proteinuria was first 
noted 7 years ago when a dipstick for protein was positive on a routine urinalysis. 
Since that time, protein excretion has progressively increased to 5.6 g/day and 
her plasma creatinine concentration has risen from 1.0 to 7.3 mg/dL. She now 
complains of increasing fatigue but her appetite remains good. Her medications 
include insulin, a diuretic, and an angiotensin-converting enzyme inhibitor for 
hypertension, and calcium carbonate as a phosphate binder. 

Physical examination reveals a well-appearing, slightly pale woman in no 
acute distress. Positive findings include a blood pressure of 150/90, decreased 
visual acuity bilaterally with evidence of microaneurysms and exudates on 
fundoscopic examination, 2+ (moderate) peripheral edema extending up to the 
mid-calf, and decreased vibration sense, and deep tendon reflexes. 
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Laboratory data reveal the following: 


BUN = 85 mg/dL (9-25) 
q Creatinine =7.3 mg/dL (0.8-1.4) 

j Sodium = 140 mEq/L (136-142) 
Dad Potassium = 5.7 mEq/L (3.5-5) 
Chloride = 106 mEq/L (98-108) 

Total CO, =15 mEq/L (21-30) 
Calcium = 9.6 mg/dL (9-10.4) 
Phosphate = 5.8 mg/dL (3.0-4.5) 


Hemoglobin =9 g/dL (13-15) 


Te | ae E 
3 ee’ rie a 


A By the end of this section, you should have an understanding of each 
M of the following issues: 


OBJECTIVES 


© | B The different mechanisms by which uremic symptoms might be 
3 produced. 

~ P The role of parathyroid hormone and vitamin D in the normal regula- 
tion of calcium and phosphate balance. 

m The impairments in mineral metabolism that occur in chronic renal 
failure and how this leads to bone disease. 

m The importance of erythropoietin (EPO) deficiency in the develop- 
ment of anemia and the therapeutic implications of erythropoietin 
replacement. 

m The basic principles of diffusion and ultrafiltration with dialytic therapy 
for end-stage renal disease. 


Pathogenesis of Uremia 


A variety of signs and symptoms begin to appear as renal dysfunction becomes 
more severe. A partial list of the most common complications is in Table 13.1, 
which shows that virtually every organ system may be involved. These signs 
and symptoms are collectively referred to as the uremic state or simply uremia. 

The pathogenesis of the different uremic symptoms is understood to a 
variable degree. In general, however, four major mechanisms are involved: 
diminished excretion of electrolytes and water, reduced excretion of organic 
solutes (also called wremic toxins), decreased renal hormone synthesis, and 
compensation of renal failure leading to maladaptive changes (trade-off 
hypothesis; see below). 

The remainder of this chapter will briefly review these mechanisms 
and then discuss in some detail three uremic complications for which the 
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Major Signs and Symptoms of Uremia 


System Sign or Symptom 


Musculoskeletal Renal osteodystrophy 
Muscle weakness 
Decreased growth in children 
Amyloid arthropathy due to B-microglobulin deposition 


Hematologic Anemia 
Platelet dysfunction 


Electrolytes Hyperkalemia 
Metabolic acidosis 
Edema 
Hyponatremia 
Hyperphosphatemia 
Hypocalcemia 
Hyperuricemia 


o 
eS 
= 
T 
(is 
E 
= 
v 
[aa 
< 
G 
[e] 
pa 
= 
UO 
+ 
[e] 
n 
(= 
ie} 
p= 
[eo 
iS 
> 
n 
mo} 
= 
© 
v 
= 
„90 
n 
m 
= 
a 
Lu 
= 
a 
< 
aa 
UO 


Neurologic Encephalopathy 
Peripheral neuropathy 
Seizures 


Cardiopulmonary Hypertension 
Pericarditis 
Congestive heart failure 
Edema 


Endocrine Carbohydrate intolerance due to insulin resistance 
Hyperlipidemia 
Sexual dysfunction, including infertility in women 


Gastrointestinal Anorexia, nausea, vomiting 
Protein calorie malnutrition 


Dermatologic Pruritus 


pathophysiology is relatively well understood: renal osteodystrophy (bone 
disease), anemia, and hypertension. It will conclude with a brief review of the 
basic principles of dialysis, which is used to treat the symptoms of uremia. 


Diminished Excretion of Electrolytes and Water 


One of the primary functions of the kidney is to excrete the electrolytes 
and water generated from dietary intake. The excretion of these substances 
is usually equal to the difference between filtration and tubular reabsorption, 
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although the excretion of hydrogen and potassium primarily involves tubu- 
lar secretion. As has been mentioned in several of the preceding chapters, 
urinary excretion of a particular substance (such as sodium) can be main- 
tained in the presence of a marked reduction in glomerular filtration rate 
(GFR) via a parallel reduction in the degree of tubular reabsorption. The net 
effect is that more of this substance is excreted per functioning nephron. 
If, for example, three-quarters of nephrons have been lost, then each remain- 
ing nephron must excrete four times as much sodium (as well as other solutes 
and water) if balance is to be maintained at the same level of dietary intake. 


Steady State in Chronic Renal Failure 

These adaptations are generally so efficient that the steady state (in which 
intake and urinary excretion are roughly equal) for sodium, potassium, and 
water can usually be maintained even though the GFR may be reduced by 
more than 80%. As an example, edema due to sodium retention is infre- 
quent in mild-to-moderate chronic renal disease in the absence of the 
nephrotic syndrome. 


Review the adaptations—hormonal and otherwise—that would 
allow sodium balance to be maintained in chronic renal failure 
by decreasing tubular sodium reabsorption. 


The ability to compensate by increasing hydrogen and ammonium secre- 
tion per nephron is somewhat more limited. Each functioning nephron must 
excrete more ammonium as the number of functioning nephrons is reduced. 
The signal for this response is probably a small and at first clinically unde- 
tectable decline in the plasma bicarbonate concentration that occurs after 
the initial loss of nephrons. This slight extracellular acidemia will induce a 
fall in pH in the renal tubular cells that constitutes at least part of the stim- 
ulus to increase both ammonium production and hydrogen secretion (see 
Chapter 6). 

The degree to which the plasma bicarbonate concentration will fall 
depends upon the sensitivity of the system. As shown in Figure 6.1, for 
example, the administration of an acid load to lower the plasma bicarbon- 
ate concentration by 4 to 5 mEq/L in normal subjects results in a fourfold 
increase in ammonium excretion to approximately 160 mEq/day. Although 
the sensitivity may be different in chronic renal disease, a small reduction 
in the plasma bicarbonate concentration that is initially within the normal 
range is required to increase ammonium excretion per nephron. 

However, a fourfold increase appears to represent the maximum 
response that the tubular cells can achieve, even in normal subjects. Thus, 
if dietary intake and therefore the daily acid load are relatively constant, 
retention of some hydrogen ions must occur every day once more than 
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three-fourths of the nephrons have been lost. At this time, there will be a 
more pronounced fall in the plasma bicarbonate concentration, which usu- 
ally remains above 14 mEq/L since most of the retained acid is buffered in 
bone and in the cells. However, continuous buffering over a prolonged period 
has potentially deleterious effects. Buffering by bone carbonate leads to the 
dissolution of bone mineral as bone calcium is released into the extracellu- 
lar fluid; buffering by skeletal muscle is associated with enhanced muscle 
breakdown, possibly leading to loss of lean body mass and muscle weakness. 

Similar limitations to the renal adaptation apply to other electrolytes. 
With potassium, for example, increased potassium excretion per nephron is 
driven in part by transient potassium retention leading to an initially small 
rise in the plasma potassium concentration. As a result, the plasma potas- 
sium concentration will increase slowly with progressive renal failure until 
the daily potassium load can no longer be excreted due to near end-stage 
renal disease or due to the superimposition of another disorder such as 
hyporeninemic hypoaldosteronism (see Chapter 7). 

The problem of phosphate retention will be discussed in detail below. 
As will be seen, phosphate plays a major role in the pathogenesis of the 
secondary hyperparathyroidism and bone disease commonly associated 
with advanced chronic renal failure. 

All of these compensatory mechanisms ultimately fail in end-stage renal 
disease. The number of functioning nephrons at this time is so small that uri- 
nary excretion can no longer be maintained at a level equal to intake. Clinical 
manifestations include edema, hyponatremia (due to free water retention), 
hyperkalemia, metabolic acidosis, and hyperphosphatemia. Numerous med- 
ications are provided to help offset these metabolic consequences of near 
end-stage renal disease, but eventually renal replacement therapy with dialy- 
sis or renal transplantation is required for patient survival. 


Intact Nephron Hypothesis 
Initial studies in animals and patients with chronic renal failure assumed 
that damaged nephrons functioned abnormally. However, in a series of ele- 
gant experiments, it was demonstrated that nephrons continued to function 
appropriately in proportion to their GFR. An example of the “intact neph- 
ron” hypothesis is shown in Figure 13.1. Unilateral renal disease was induced 
in animals and the function of the diseased and normal kidney compared. 
When factored for GFR, a presumed reflection of the number of functioning 
nephrons, net acid excretion (mostly as ammonium), was virtually equivalent 
in the two kidneys. The human correlate of this experiment was described 
above (Fig. 6.1). The approximately fourfold increase in ammonium excretion 
per GFR in patients with chronic renal failure is equivalent to the maximum 
response seen in normal subjects given an acid load. 

In summary, damaged nephrons generally continue to function appropri- 
ately. The eventual inability to excrete water and electrolytes is primarily due 
to too few functioning nephrons rather than due to failure of nephron function. 
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H* excretion/GFR (diseased kidney) 


| | | | | 
04 0.8 1.2 16 20 24 28 3.2 36 4.0 4.4 


H+ excretion /GFR (normal kidney) 


FIGURE 13.1. Relation between net acid (H*) excretion per unit of glomerular 
filtration rate (GFR) in damaged and normal kidneys under varying acid-base 
conditions in experimental animals with unilateral renal disease. The slope of 
the solid line, which is the line of equivalence, indicates that acid excretion per 
GFR (to factor for the number of functioning nephrons) is essentially the same in 
both kidneys. 


Reduced Excretion of Organic Solutes 


The kidney excretes a variety of organic solutes, the most commonly mea- 
sured being urea and creatinine. Many organic solutes are excreted primar- 
ily by glomerular filtration, although there may be some contribution from 
reabsorption or tubular secretion. The excretion of these solutes differs in 
an important way from that of water and electrolytes in that there is gener- 
ally no active regulation involved. Thus, as has been mentioned in Chapter 1 
for urea and creatinine, the plasma concentrations of these solutes begin to 
rise with the initial decline in GFR and increase progressively as the renal 
disease worsens. 

Once the GFR falls below 10-15 mL/min (~10% of normal), patients 
begin to complain of many of the symptoms listed in Table 13.1. Many of 
these symptoms are thought to be mediated by the accumulation of organic 
uremic toxins. Unfortunately, it has not yet been possible to identify which 
toxins are responsible for most uremic symptoms. Neither creatinine nor 
urea is an important uremic toxin, although the BUN is a valuable marker for 
the accumulation of other toxic protein metabolites. One symptom complex 
that has been clarified is the arthropathy induced by the progressive accu- 
mulation of B,-microglobulin (mol. wt 12,000), which forms amyloid fibrils 
that can deposit in the tissues. 
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Although beyond the scope of this discussion, it is important to appreci- 
ate that a reduction in GFR also limits the excretion of many water-soluble 
drugs. Thus, drug doses often have to be reduced and, when appropriate, 
plasma drug levels must be carefully monitored. One exception to this gen- 
eral rule is diuretic therapy. In view of the diminished number of functioning 
nephrons, the diuretic dose typically has to be increased to produce an effec- 
tive diuresis (see Chapter 4). 


Decreased Renal Production of Hormones 


The kidneys normally produce a variety of hormones including renin, pros- 
taglandins, kinins, calcitriol (1,25-dihydroxycholecalciferol, the most active 
metabolite of vitamin D), and erythropoietin (EPO). As will be reviewed 
below, decreased production of calcitriol and EPO in renal failure plays a cen- 
tral role in the development of renal osteodystrophy and anemia, respectively. 


Trade-off Hypothesis 


The maintenance of fluid and electrolyte balance in progressive renal failure 
requires a variety of adaptations. One example is increased release of atrial 
natriuretic peptide (ANP) in an attempt to maintain sodium balance. This 
adaptation is well tolerated because hypersecretion of ANP has no important 
side effects. 

The consequences are different with the hypersecretion of parathy- 
roid hormone (PTH). Although this response tends to maintain the plasma 
calcium and phosphate concentrations, there is a trade-off because excess 
PTH may itself be toxic. The most well-recognized complication is hyper- 
parathyroid bone disease, but PTH may also contribute to a number of other 
problems in the uremic patient, including anemia, pruritus, sexual dysfunc- 
tion, and encephalopathy. How this might occur is incompletely understood 
but alterations in calcium metabolism are thought to be involved. 

Another maladaptive trade-off is described in the previous chapter (12). 
As nephrons are lost, the remaining nephrons increase their filtration rate (in 
part via a rise in intraglomerular pressure) and undergo structural hypertro- 
phy in an attempt to maximize the total GFR. Over a period of years, however, 
the intraglomerular hypertension can lead to progressive glomerulosclerosis 
that is independent of the activity of the underlying disease. 


Renal Osteodystrophy 


Almost all patients with chronic renal failure will develop alterations in 
bone. These changes are initially asymptomatic but bone pain and patho- 
logic fractures can occur in more advanced disease. Before discussing the 
pathogenesis of this disorder, it is helpful to review the roles of PTH and 
vitamin D in the normal regulation of calcium and phosphate balance. 
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The kidney maintains the overall calcium balance by excreting the calcium 
that is absorbed from the gut but not utilized for bone formation; this is sim- 
ilar to the renal excretion of dietary sodium, potassium, and water. However, 
regulation of the plasma calcium concentration is primarily regulated by a 
second process: changes in the distribution of calcium between bone stores 
and the extracellular fluid. 


Hormonal Regulation of Calcium 
and Phosphate Homeostasis 


Maintenance of the plasma calcium and phosphate concentrations is medi- 
ated to an important degree by PTH and vitamin D. 


Parathyroid Hormone 

As illustrated in Figure 13.2, reduced serum calcium concentration is sensed 
by the calcium sensing receptor expressed in the parathyroid glands. This 
promotes PTH secretion which acts to increase the plasma calcium concen- 
tration by affecting bone and the kidney in the following ways: 


= It stimulates bone resorption in the presence of permissive amounts of 
calcitriol (1,25-dihydroxycholecalciferol, the most active metabolite of 
vitamin D), thereby releasing both calcium and phosphate into the extra- 
cellular fluid. 

= By promoting the renal synthesis of calcitriol, it enhances calcium and 
phosphate reabsorption from the gut. 

= It promotes active calcium reabsorption in the distal tubule (see Fig. 1.3). 


| Plasma Ca?+ 


‘PTH 
Bone Kidney 
tResorption | Phosphate ‘Catt ł Calcitriol 
excretion reabsorption formation 
Release of (| Proximal (distal tubule) 
Ca2* and tubule i ; 
phosphate reabsorption) Intestinal 


CaHPO, absorption 


FIGURE 13.2. Effects of parathyroid hormone on calcium and phosphate 
metabolism. The primary stimulus to PTH secretion, hypocalcemia, is shown; this 
is consistent with the major action of PTH, which is to raise the plasma calcium 
concentration. Overall, there is little effect on plasma phosphate concentration, 
but it does increase urinary phosphate excretion. 
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PTH has an additional important renal action, decreasing proximal 
phosphate reabsorption by diminishing the activity of the sodium-phosphate 
cotransporter in the apical membrane; this transporter mediates the first 
step in phosphate reabsorption, the entry of filtered phosphate into the cells 
(see Fig. 1.1). 

The net effect is that PTH raises the plasma calcium concentration while 
having little effect on the plasma phosphate concentration as changes in phos- 
phate handling in the bone, the intestine, and the kidney tend to balance 
out. The primary physiologic stimulus to PTH secretion is hypocalcemia; 
the varied actions of PTH will tend to correct this problem by increasing the 
plasma calcium concentration toward normal. 


Vitamin D 

The synthetic pathways involved in the activation of vitamin D are illus- 
trated in Figure 13.3. Vitamin D, (cholecalciferol) is a fat-soluble ste- 
roid that is present in the diet and can also be synthesized in the skin 
in the presence of ultraviolet light. Vitamin D, is converted in the 
liver to calcifediol (25-hydroxycholecalciferol) and then in the kidney 


7-Dehydrocholesterol Diet 
UV light | Skin 
(Vitamin D3) 
easier 
| Liver 


25- ee ca 
Kidney 


PTH —— 
Hypophosphatemia ——~| 


24,25-Dihydroxycholecalciferol 
Calcitriol y y 


(1,25-Dihydroxycholecalciferol) 


m~r 


Small intestine Bone Kidney 
| | + PTH | 
t CaHPO, t Ca?* and | Ca?* and 
absorption phosphate phosphate 
release excretion 


FIGURE 13.3. Metabolic activation of vitamin D, and its effects on calcium 
and phosphate balance. Both the plasma calcium and phosphate concentrations 
are elevated, thereby promoting bone formation and preventing hypocalcemia or 
hypophosphatemia. 
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(primarily in the proximal tubule) either to the active metabolite calcitriol 
(1,25-dihydroxycholecalciferol) or to 24,25-dihydroxycholecalciferol, the 
function of which is not well defined. The hepatic production of calcifediol is 
primarily substrate-dependent and is not under physiologic regulation. In com- 
parison, the renal synthesis of calcitriol varies according to physiologic needs. 


Calcitriol has the following major actions on calcium and phosphate 
handling: 


= It increases the absorption of calcium and phosphate from the gut. 

= It acts in concert with PTH to enhance bone resorption, releasing calcium 
and phosphate into the extracellular fluid. 

= It may decrease urinary calcium and phosphate excretion. 


The net effects are elevations in both the plasma calcium and phosphate 
concentrations (in contrast to PTH, which raises only the plasma calcium 
concentration). It is therefore appropriate that the main physiologic stim- 
uli to calcitriol production are hypocalcemia (acting via increased secretion 
of PTH) and hypophosphatemia, since the actions of calcitriol will tend to 
correct these abnormalities. These stimuli are also consistent with the two 
major functions of calcitriol: maintaining the availability of calcium and 
phosphate for new bone formation, and preventing symptomatic hypocalce- 
mia or hypophosphatemia. In fact, calcitriol is the main hormonal regulator 
of phosphate homeostasis. 

Calcitriol has one additional action on calcium metabolism. It attaches 
to specific receptors in the parathyroid gland, leading to partial inhibition 
of PTH production and release. This negative feedback response presum- 
ably prevents an excessive elevation in the plasma calcium concentration. 
Its importance in normal subjects is uncertain, but the effect of calcitriol on 
PTH secretion appears to play a major role in the secondary hyperparathy- 
roidism associated with chronic renal failure. 


What are the hormonal responses to hypophosphatemia that 

increase the plasma phosphate concentration toward normal 

without producing any significant change in the plasma calcium 
2| concentration? 


Phosphate and Calcium Metabolism in Renal Failure 


Renal failure is associated with enhanced PTH secretion, a complication that 
is intimately related to phosphate retention. As shown in Figure 13.4, dogs 
with renal failure maintained on a regular phosphate intake have a progres- 
sive rise in plasma PTH levels as the GFR falls. In comparison, the hyperse- 
cretion of PTH is prevented if phosphate retention is avoided by the use of a 
low-phosphate diet. 
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FIGURE 13.4. Relationship between plasma PTH levels and glomerular filtra- 
tion rate in two groups of dogs. One group (blue circles) was maintained on a 
regular 1200-mg/day phosphorus diet and developed progressive hyperparathy- 
roidism as the GFR fell. A second group (green circles) was maintained on a low 
(100 mg/day) phosphorus diet to prevent phosphorus retention; these dogs did 
not develop hyperparathyroidism even when the GFR was very low. 


The following hypothesis has been proposed to explain the relationship 
between phosphate and the development of secondary hyperparathyroidism 
(Figs. 13.5 and 13.6). The initial fall in GFR will reduce the filtered phosphate 
load, thereby decreasing phosphate excretion. This will lead to phosphate 
retention and a small rise in the plasma phosphate concentration if intake is 
unchanged. The excess phosphate may then drive the following reaction to 
the right: 


Ca” + HPO <> CaHPO, 


The ensuing small reduction in the plasma calcium concentration will 
stimulate the release of PTH, which, by increasing calcium release from bone 
and phosphate excretion in the urine, will return both the plasma calcium 
and phosphate concentrations toward normal. However, the price to main- 
tain this adaptation is persistent hyperparathyroidism. 

The role of transient hypocalcemia as the primary stimulus to PTH 
secretion has been challenged by experimental studies demonstrating 
that the administration of calcium to maintain a normal plasma calcium 
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FIGURE 13.5. Summary of disturbances in calcium, phosphate, and parathy- 
roid hormone (PTH) metabolism with renal failure. Solid lines show stimulatory 
effects mediated by the change observed with reduced renal function. Dotted 
lines indicate feedback that compensates for dysregulation. GFR, glomerular fil- 
tration rate. 
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FIGURE 13.6. Hypothetical model for the development of secondary hyper- 
parathyroidism in progressive chronic renal failure. Each decrement in GFR leads 
to transient phosphate retention; the ensuing elevation in the plasma phosphate 
concentration leads to a small reduction in the plasma calcium concentration 
and/or decreased calcitriol synthesis. Both reduced calcium and calcitriol levels 
stimulate the release of PTH, which, via its varied actions, initially is able to return 
both the plasma calcium and phosphate concentrations to normal. However, the 
price is persistent hyperparathyroidism. 
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concentration does not prevent the development of hyperparathyroidism. 
An alternative, and not mutually exclusive, theory has been proposed to 
explain how phosphate retention might lead to the hypersecretion of PTH. 
As mentioned above, hypophosphatemia is one of the two major stimuli to 
calcitriol production. On the other hand, the initial elevation in the plasma 
phosphate concentration seen as the GFR falls should diminish calcitriol syn- 
thesis. The ensuing reduction in plasma calcitriol levels can then promote 
PTH release by removing the normally inhibitory effect of calcitriol on the 
parathyroid gland. Clinical evidence in support of a central role for calcitriol 
deficiency is the observation that the intravenous administration of calcitriol 
to patients on maintenance dialysis can dramatically reduce PTH secretion, 
an effect that cannot be achieved by raising the plasma calcium concentra- 
tion with calcium supplementation. 

Recently, the importance of another factor in regulating phosphate 
excretion has been identified. The protein, fibroblast growth factor-23 
(FGF-23), was shown to be significantly increased in patients with reduced 
GFR. FGF-23 inhibits phosphate reabsorption in the kidney and decreases the 
synthesis of calcitriol by suppressing the activity of 1-o-hydroxylase enzyme. 
Increased dietary phosphate load and increased calcitriol stimulate the 
secretion of the FGF-23 predominantly by bone osteocytes. Concentrations 
of FGF-23 progressively increase as kidney function worsens likely as a physi- 
ologic adaptation to maintain normal serum phosphate by enhancing its 
excretion in the urine. FGF-23 also inhibits PTH secretion, but the inhibition 
of calcitriol synthesis has the opposing effect. Thus, the net result is that PTH 
levels continue to rise with progressive chronic kidney disease even in the 
presence of very high FGF-23 levels. 

Although the relative contributions of hypocalcemia, calcitriol deficiency, 
FGF-23, and perhaps other factors remains uncertain, the degree of hyper- 
parathyroidism increases with each further decrement in GFR (Figs. 13.5 and 
13.6). This progressive elevation in PTH levels produces increasing inhibi- 
tion of proximal phosphate reabsorption. In normal subjects, the fraction of 
the filtered phosphate that is reabsorbed ranges from 80% to 95% depending 
upon dietary intake. This value falls to as low as 15% in severe renal failure 
(GFR below 20 to 30 mL/min). 

At this point, PTH is unable to reduce phosphate reabsorption further, 
resulting in persistent hyperphosphatemia. Furthermore, PTH may actually 
increase the plasma phosphate concentration in this setting due to contin- 
ued phosphate release from bone. 


Renal Bone Disease and Treatment of Hyperphosphatemia 


Prolonged hyperparathyroidism leading to enhanced bone resorption can 
produce a characteristic bone disease called osteitis fibrosa cystica. The diag- 
nosis of this disorder is usually established by its radiologic findings, which 
include skeletal demineralization, resorption of the lateral ends of the clav- 
icles, and subperiosteal resorption of the phalanges. Bone cysts and, more 
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commonly, spontaneous fractures and tendon ruptures are responsible for 
the symptoms that can occur. 

Hyperparathyroidism can also predispose to the development of met- 
astatic calcifications in which calcium phosphate precipitates out of the 
plasma and is deposited in arteries (possibly leading to ischemic symptoms), 
soft tissues, and the viscera. This complication is most likely to occur when 
the product of the plasma calcium and phosphate concentrations (in mg/dL) 
exceeds from 60 to 70. This is well above the calcium-phosphate product of 
approximately 30 seen in normal subjects with respective plasma calcium 
and phosphate concentrations of roughly 9.5 and 3 mg/dL. 

Excess PTH plays an essential role in the pathogenesis of metastatic 
calcifications, both by maintaining a relatively normal plasma calcium con- 
centration (despite the hyperphosphatemia and calcitriol deficiency) and, 
as noted above, by raising the plasma phosphate concentration in advanced 
renal failure as phosphate release from bone is no longer counteracted by 
adequate phosphate excretion in the urine. In patients on dialysis, the use of 
a calcimetic drug, cinacalcet, has been shown to inhibit PTH secretion and 
reduce the need for parathyroidectomy. It may also have benefits on cardio- 
vascular disease and the risk of fractures. 


Treatment of Hyperphosphatemia 

The complications associated with hyperparathyroidism can be prevented 
or minimized by lowering PTH release. Given the central role of phosphate 
retention (as shown in Fig. 13.4), therapy is primarily aimed at maintaining 
the plasma phosphate concentration between 4.5 and 5.5 mg/dL (which rep- 
resents the high-normal or slightly elevated range). Studies in patients with 
chronic renal failure have shown that correction of hyperphosphatemia can 
at least partially reverse the hypocalcemia, calcitriol deficiency, and excess 
PTH secretion. Calcitriol, particularly, if given in high doses intravenously, 
can also reverse the hyperparathyroidism via a direct suppressive effect on 
the parathyroid gland. 

Phosphate retention can be minimized or prevented by limiting its intes- 
tinal absorption via either a low-phosphate diet (which is often associated 
with problems in patient compliance) or the administration of a phosphate 
binder. Calcium-based binders (as carbonate or acetate salts) are widely 
used; the calcium in these preparations form insoluble calcium phosphate 
salts in the intestinal lumen that cannot be absorbed as long as they are 
taken with meals. However, hypercalcemia can develop, and there is grow- 
ing concern for increased cardiovascular complications associated with the 
large calcium intake required to control serum phosphorous in patients with 
chronic renal failure. 

Magnesium hydroxide is an effective phosphate binder but is associated 
with hypermagnesemia in patients with reduced GFR. Aluminum hydrox- 
ide was the treatment of choice to bind phosphate but accumulates in tis- 
sue and bone and results in vitamin D-resistant osteomalacia, bone and 
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muscle pain. As a result, newer phosphate binders have been developed that 
include sevelamer chloride, sevelamer carbonate, and lanthanum carbonate. 
There are potential advantages and disadvantages to the long-term use of 
these newer phosphate binders, but they all must be taken with meals to be 
maximally effective. Due to side effects and cost, many patients require a 
combination of phosphate binders to be effective. 


Hypertension 


Hypertension eventually occurs in 85% to 90% of patients with chronic renal 
failure. In approximately 80% of cases, volume expansion is primarily respon- 
sible for the elevation in blood pressure, and fluid removal with diuretics 
or dialysis will either normalize the blood pressure or make it much easier 
to control with antihypertensive medications (Fig. 13.7). Increased renin 
release with the subsequent generation of angiotensin II appears to be an 
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FIGURE 13.7. Volume-dependent, previously resistant hypertension in a 
patient with chronic renal failure. Fluid removal led to a gradual reduction in the 
blood pressure from very high levels to normal without further antihypertensive 
medications. 
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important determinant of hypertension in most of the remaining patients. 
Some of these patients have a primary vascular disease, such as hyperten- 
sive nephrosclerosis or vasculitis. In other cases, it is presumed that disor- 
dered renal architecture leads to focal areas of renal ischemia and enhanced 
renin release. 

Treatment of the hypertension in chronic renal failure is aimed at 
correcting both of these abnormalities. Although diuretic therapy is the 
agent of choice in patients who are volume expanded (as evidenced clini- 
cally by edema), an inhibitor of the renin—angiotensin system (RAS) —either 
a converting enzyme (ACE) inhibitor or angiotensin receptor blocker—is 
also frequently given in an attempt to slow the rate of progression of second- 
ary glomerular injury (see Chapter 12). An RAS inhibitor is most likely to be 
protective if given relatively early in the course before extensive irreversible 
injury has occurred. 


Potential Role of Pressure Natriuresis 


It is useful to consider the function of the relationship between sodium 
balance and hypertension in patients with renal disease. Normal subjects 
given a sodium load excrete the excess sodium by suppressing the release 
of renin and increasing that of ANP. Patients with chronic renal failure have 
a similar problem, since sodium excretion per nephron must be increased 
due to the reduction in the number of functioning nephrons. In this setting, 
inhibition of the renin-angiotensin-aldosterone system may not occur 
because of focal renal ischemia and the direct hyperkalemic stimulus to 
adrenal aldosterone release (see Chapter 7). 

The combination of renal disease and persistent secretion of angioten- 
sin II and aldosterone makes sodium excretion less efficient. As a result, 
sodium retention will initially occur if intake remains relatively constant, 
leading to an elevation in blood pressure that is initially mediated by a 
volume expansion-induced rise in cardiac output. As described in Chapter 2, 
enhanced renal perfusion pressure directly increases sodium excretion via 
the phenomenon of pressure natriuresis. Thus, volume-mediated hyperten- 
sion in chronic renal disease may be essential to maintain sodium balance. 
This represents another example of the trade-off hypothesis described 
above, as hypertension is the price for the prevention of progressive sodium 
accumulation. 


Anemia of Chronic Renal Failure 


Patients with chronic renal failure are almost uniformly anemic. The hemato- 
crit usually begins to fall when the GFR is reduced to about 40% of normal, a 
stage at which the plasma creatinine concentration can vary widely depend- 
ing upon the age and size of the patient (see Chapter 1). The anemia tends to 
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FIGURE 13.8. Relationship between the hematocrit (Hct) and the blood urea 
nitrogen (BUN) in 152 patients with chronic renal disease. The degree of anemia 
tends to vary directly with the severity of the renal failure although there is 
substantial interpatient variability. 


worsen as the renal disease progresses, although there is substantial interpa- 
tient variability (Fig. 13.8). 

The anemia is typically normochronic, normocytic, and hypoprolifera- 
tive (as evidenced by a low reticulocyte count). The white blood cell and 
platelet counts are unaffected but there is commonly a qualitative defect 
in platelet function that is manifested clinically by a prolongation in bleed- 
ing time and in some cases overt bleeding episodes. The peripheral smear 
with the anemia of renal failure is most notable for the presence of burr cells 
(echinocytes). 


Pathogenesis 


It is now clear that the primary cause of the anemia of chronic renal dis- 
ease is inadequate renal secretion of EPO. EPO is a glycoprotein hormone 
(mol. wt 34 kDa) that is produced in the fetal liver and in the postnatal kidney 
in response to decreased oxygen delivery. EPO binds to a receptor on ery- 
throid progenitors, causing these cells to differentiate into normoblasts and 
then mature erythrocytes. 

Anemia normally induces a compensatory increase in EPO release, 
a response that is blunted or absent in renal failure due to the reduction 
in functioning renal mass (Fig. 13.9). The intrarenal site of EPO produc- 
tion is most likely in the peritubular capillary endothelial cells. The renal 
oxygen sensor is a heme protein that, in the presence of decreased oxygen 
delivery, undergoes a conformational change that induces increased EPO 
mRNA levels. 
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FIGURE 13.9. Relationship between plasma erythropoietin (EPO) levels and 
the hematocrit in patients with renal failure (blue circles) and those with anemia 
and normal renal function (red symbols). At an equivalent degree of anemia, 
EPO levels are appropriately increased in nonrenal anemia but not in patients with 
renal failure. Normals are shown in green squares. 


In addition to EPO deficiency, other factors may also contribute to the 
anemia in selected patients. These include the following: 


= A modest reduction in red cell survival of uncertain etiology. 

= Possible EPO resistance due to retention of unidentified uremic toxins or 
to hyperparathyroidism-induced bone marrow fibrosis. 

= Iron deficiency resulting from blood loss, including repeated blood 
drawing. 

= Inflammation or infection causing the “anemia of chronic disease” that 
appears to represent disordered iron utilization from elevated levels of the 
protein hepcidin. 

= Other nutritional or vitamin deficiencies such as B, and folate. 


Treatment 


The widespread availability of recombinant human EPO has revolution- 
ized the management of patients with renal failure. In a dose-dependent 
manner (either intravenously or subcutaneously), EPO can correct the 
anemia in virtually all patients with end-stage renal disease. The abil- 
ity to achieve this goal has led to the resolution of many symptoms that 
were previously thought to be uremic in origin. Thus, most patients note a 
marked improvement in the sense of well-being including less fatigability 
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and an increase in appetite. The use of EPO is commonly associated with 
iron deficiency due to the increased iron demand for erythropoiesis. Other 
than a worsening of hypertension, direct adverse effects from EPO are rare. 
However, recent studies suggest an increased risk of thrombosis and pos- 
sibly cardiovascular events in patients treated with higher doses of EPO. 
Therefore, current recommendations are to utilize EPO if blood transfu- 
sion will be required to avoid symptoms and to maintain the hemoglobin 
at <12 g/dL. 


What Treatment Options Are Available 
When Kidneys Fail? 


Once medical therapy can no longer help maintain the balance in the setting 
of failing kidneys, patients will die without renal replacement therapy. 
Replacement options include renal transplantation or one of two dialysis 
options. Renal transplantation from either a cadaveric or living donor is the 
treatment of choice when available. Although renal transplantation does 
not cure the underlying renal disease and is associated with potential seri- 
ous side effects from surgery and immunosuppressive medications (infec- 
tion and cancer), survival and quality of life with a successful transplant 
are superior to dialysis. A detailed description of renal transplantation is 
beyond the scope of this book. Dialysis is used for patients waiting for a 
transplant and for patients unable to safely undergo renal transplantation. 
Dialysis will remove fluid, potassium, and uremic toxins in an attempt to 
relieve edema, severe hyperkalemia, or uremic symptoms such as anorexia, 
lethargy, pericarditis, or paresthesias due to a peripheral neuropathy. 
In comparison, marked but asymptomatic elevations in the BUN and 
plasma creatinine concentration are generally not the indications to insti- 
tute dialysis. 

There are two major methods of dialysis, hemodialysis and peritoneal 
dialysis. Both modalities have to accomplish (1) the removal of toxins from 
the blood and (2) excess fluid from the extra vascular space. For hemodialysis, 
a catheter is placed into a large vein, or an arteriovenous fistula is created 
in the forearm so that blood can be pumped at a rate of 300 to 500 mL/min 
into a dialysis cartridge (Fig. 13.10). Within the cartridge, the patient’s blood 
is separated by a semipermeable membrane from a constantly replenished 
volume of dialysis solution (or dialysate). After flowing through the cartridge, 
the cleansed blood is returned to the patient. 


When considering the hemodialysis procedure, what would 

happen if during the mixing of the dialysate solution only 10% 

of the sodium chloride was added to the solution? How would 
EJ you detect such a problem? 
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FIGURE 13.10. Schematic representation of blood and dialysate flow through 
a hemodialysis cartridge. 


With peritoneal dialysis, the peritoneal membrane is used as the dia- 
lyzing membrane. Dialysate is infused into the peritoneum through a soft, 
indwelling catheter that is normally taped to the skin when not in use. 
The dialysate is allowed to dwell for 4 to 6 hours (or overnight) and is then 
drained. This cycle is followed by the instillation of fresh dialysate. 

Both forms of dialysis remove solutes by diffusion from the plasma 
into the dialysate, and fluid is removed by utilizing favorable hydrostatic or 
osmotic gradients. The following discussion will emphasize the principles 
of hemodialysis although the same concepts apply to peritoneal dialysis. 


Solute Diffusion 


Dialysate is an artificial solution with a composition designed to maxi- 
mize the rate of removal of uremic toxins and other retained substances. 
Thus, the solution is isotonic and sodium concentration is generally simi- 
lar to that in the plasma; the potassium concentration is low (since most 
patients are hyperkalemic), and there is no phosphate, uric acid, urea, or 
creatinine. The calcium and bicarbonate concentrations are usually higher 
than that of uremic plasma, since these patients often have hypocalcemia 
and metabolic acidosis. 

Given the concentration gradients that are created, urea, creatinine, 
potassium, phosphate, and uric acid diffuse out of the plasma into the 
dialysate, while calcium and bicarbonate (or another organic anion that is 
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metabolized to bicarbonate, such as acetate) move in the opposite direction. 
The rate at which this occurs is dependent on four major factors: 


= The rate of blood flow (1) and the rate of dialysate flow (2). The diffusion 
of solutes out of the plasma will lower the plasma concentration and raise 
the dialysate concentration, thereby lowering the gradient for further 
diffusion. Delivery of new blood and dialysate will maintain maximum 
gradients for continued diffusion (Fig. 13.11). 

= (3) The permeability of the dialysis membrane, with more permeable 
membranes increasing solute clearance. 

= (4) The surface area or “size” of the dialyzer membrane with larger filters 
achieving greater solute removal. 


As shown in Figure 13.11, the creatinine clearance with a standard hemo- 
dialysis membrane may exceed 100 mL/min while the urea clearance can 
approach 200 mL/min. In comparison, larger molecules such as vitamin B,, 
(mol. wt 1355) are more slowly cleared. Although these clearance rates are 
equal to or even exceed that of two normal kidneys, patients on maintenance 
hemodialysis are only dialyzed from 3 to 4 hours, 3 days per week; this is in 
contrast to normal kidneys that are active 168 hours per week. Thus, the net 
effect of hemodialysis is only a small fraction of what is achieved by normal 
renal function. For example, if the creatinine clearance by hemodialysis is 
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FIGURE 13.11. Solute clearances during hemodialysis in relation to solute size 
and blood flow rate. Solute clearance is greater with smaller molecules—urea > 
creatinine > vitamin B,,—and is directly related to blood flow rate. Solute diffu- 
sion out of the blood diminishes the favorable concentration gradient for further 
diffusion. However, this gradient can be maintained by the delivery of new undia- 
lyzed blood. 
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similar to that with normal kidneys but the patient is only dialyzed for 
7% (12 + 168) of one week, then the net clearance will be 7% of normal or 
approximately 7 mL/min. 

Somewhat similar considerations apply to peritoneal dialysis although 
the technical aspects are unique. Patients are essentially being dialyzed all 
the time because there is always fluid dwelling in the peritoneum (except 
during the periods that fluid is draining out or running in). However, the 
clearance rate per time is much lower than that with hemodialysis in part 
because peritoneal blood flow is an order of magnitude lower than the flow 
rate into the dialyzer with hemodialysis. 

Thus, the clearance is again only a small fraction of that achieved by 
normal kidneys. 


Efficacy of Dialysis 
The net effect is that the BUN and plasma creatinine concentration in a 
chronically hemodialyzed patient are roughly from 70 to 100 mg/dL and 10 to 
15 mg/dL, respectively, when measured immediately before dialysis. 
Nevertheless, a sufficient quantity of uremic toxins is removed to alleviate most 
symptoms that are due to toxin accumulation, such as nausea, pericarditis, and 
the early signs of peripheral neuropathy. Some of the symptoms that appeared 
to persist in the past, such as weakness and easy fatigability, were probably due 
to persistent anemia since they are largely corrected by EPO administration. 
There are, however, some problems that are not corrected by dialysis: 


= Phosphate does not rapidly diffuse across the dialysis or peritoneal mem- 
brane. As a result, the tendency to hyperphosphatemia will persist and 
patients must continue to be treated with phosphate binders. 

= Dialysis cannot correct problems related to decreased hormone produc- 
tion, such as calcitriol deficiency or anemia due to EPO deficiency. Some 
patients do have a small rise in hematocrit that is presumably due to 
removal of inhibitors of erythropoiesis but most of the anemia is due to lack 
of EPO. Thus, patients will continue to require calcitriol and EPO treatment. 

= Hypertension due to volume expansion can be corrected, but an elevation 
in blood pressure induced by enhanced renin secretion will not be reversed. 

= B,-Microglobulin, which is part of the class I HLA antigens that are pres- 
ent on virtually all cells in the body, is a relatively large molecule (mol. wt 
12,000) that is not well dialyzed. As a result, it progressively accumulates in 
patients on maintenance dialysis, potentially leading to the tissue deposi- 
tion of B,-microglobulin as amyloid fibrils that can induce a symptomatic 
arthropathy involving the carpal tunnel, shoulder, and other areas. 


Fluid Removal 


Diffusion of solutes will not remove the excess fluid that accumulates in 
the absence of adequate renal function. This is a particular problem with 
hemodialysis, since there are from 2 to 3 days between dialysis treatments. 
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The dialysis membrane functions in a similar manner to a peripheral cap- 
illary in that fluid movement across it is determined by the membrane 
permeability and by the balance of Starling’s forces (see Chapter 4). The 
rate of fluid removal (called ultrafiltration) with hemodialysis is usually 
regulated by altering the transmembrane hydrostatic pressure gradient. 
This is most often achieved by applying a variable degree of negative pres- 
sure to the dialysate side of the membrane. The greater the fluid that needs 
to be removed, the higher the negative pressure setting is on the dialysis 
machine. An alternative in patients with massive fluid overload is to use 
a larger, more permeable dialysis membrane, thereby increasing the rate 
of fluid removal. In contrast, neither the peritoneal membrane permeabil- 
ity nor the hydraulic pressures can be regulated with peritoneal dialysis. 
In this setting, fluid removal is achieved by increasing the osmolality of 
the dialysate, most often by adding glucose. A standard peritoneal dialysis 
solution may contain 1.5% glucose (1.5 g per 100 mL) in addition to elec- 
trolytes as mentioned above. This solution is hypertonic to plasma since 
the glucose concentration of 1500 mg/dL is more than 10 times the normal 
plasma glucose concentration. On average, from 400 to 500 mL is removed 
with each dwell. Four dwells per day will therefore remove 1600 to 2000 mL, 
which should be roughly equal to water intake. Using a more concentrated 
solution (e.g. 2.5% glucose) will remove more fluid in a patient with exces- 
sive fluid gain. 


Solute Removal 

Either method of fluid removal also results in solute removal. As plasma 
water is lost, frictional forces between solvent and solutes (solvent drug) pull 
solutes through the dialysis or peritoneal membrane. This mechanism of 
solute removal is called convective mass transfer as compared with diffusive 
loss described above (and illustrated in Fig. 13.11). 

Solute loss by convection is determined by the rate of fluid removal 
but, in contrast to diffusion, does not depend upon a favorable concentra- 
tion gradient. In view of the high membrane permeability to small solutes 
(e.g. urea, sodium, and potassium), the fluid that is removed by convec- 
tion has virtually the same small solute concentrations as the plasma. 
As a result, urea or creatinine loss by convection will lower the total body 
burden of these compounds but will not lower their plasma concentrations. 
Thus, convection alone is not an effective way to relieve uremic symptoms 
because it does not reduce the concentration of small water- soluble mol- 
ecules that contribute to uremia. Convection does, however, remove some 
“middle molecules” that are too large to be removed by diffusion. The con- 
tribution of small and middle molecules to uremic symptoms is not well 
defined. Furthermore, the total quantity of solutes removed is much less 
than that seen with diffusion. Clearance by convection is equal to the rate 
of fluid removal, since the dialysate and plasma concentrations are roughly 
equal. The average rate of fluid removal (and therefore the solute clearance) 
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is from 5 to 10 mL/min during hemodialysis. This is much lower than the 
clearance rates achieved by diffusion: 100 and 200 mL/min for creatinine 
and urea, respectively (Fig. 13.10). 

In summary, solute loss by convection is a byproduct of fluid removal. 
It cannot, however, substitute for dialysis by diffusion as a means to remove 
uremic toxins. 


CASE DISCUSSION a 


be 
* 
The patient presented at the beginning of the chapter has chronic renal failure iS, 
due to diabetic nephropathy. She also has many of the electrolyte complications 
that have been discussed in this chapter: hyperkalemia, a high anion gap meta- 
bolic acidosis, hyperphosphatemia. She also has edema, hypertension, and ane- 
mia as a consequence of her low GFR. The peripheral neuropathy is more likely 
to be due to the diabetes, since more advanced renal failure is generally required 
before uremic neuropathy is seen. 


Therapy can be directed toward each of these problems: 


= A loop diuretic for both the edema and the hypertension (and to promote 
potassium loss). 

= A low-potassium diet and, if this is ineffective, a cation exchange resin for 
hyperkalemia. 

= Sodium bicarbonate for the metabolic acidosis once most of the edema has 
been removed. Correction of the acidemia may also lower the plasma potas- 
sium concentration by driving potassium into the cells (see Chapter 7). 
Recent studies also suggest that correction of the metabolic acidosis may 
slow progression of the chronic kidney disease. 

= An increased dose of calcium carbonate to lower the plasma phosphate 
concentration. 


EPO could be given to raise the hemoglobin, if she is experiencing 
symptoms of anemia that would require blood transfusion. Increasing her 
hemoglobin to >10 g/dL would help her fatigue and improve oxygen delivery. 
However, to date there is no evidence for improved cardiovascular or renal 
outcomes with the correction of anemia to higher levels. 


ANSWERS T ESTION 


1 | A reduction in GFR will initially lead to a decrease in the filtered sodium load 

and, if tubular reabsorption did not change, a decline in sodium excretion. 
The ensuing sodium retention will reduce the activity of the renin—angiotensin— 
aldosterone system and enhance the secretion of ANP, both of which will tend to 
inhibit sodium reabsorption and raise the level of excretion back to the level of 
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sodium intake. If these hormonal responses are inadequate, then pressure natri- 
uresis will also come into play. Extracellular fluid volume expansion due to sodium 
retention will tend to raise the systemic blood pressure; transmission of this pres- 
sure to the kidney will then promote urinary sodium excretion (see Chapter 2). 


2 | Hypophosphatemia directly increases renal calcitriol production, thereby 

enhancing intestinal calcium and phosphate absorption and bone resorp- 
tion. The ensuing rise in the plasma calcium concentration will suppress PTH 
release, an effect that will reduce urinary phosphate excretion by removing the 
normal inhibitory effect of PTH. The intestinal, bone, and renal changes will all 
raise the plasma phosphate concentration toward normal. An undesired elevation 
in the plasma calcium concentration is prevented by the fall in PTH secretion. 


EJ The hemodialysis procedure has several potential serious complications. 

If the dialysate were inadvertently mixed in this way, the resulting dialysate 
solution would be hypotonic with respect to the blood. When blood in the dia- 
lyzer was in contact with the dialysate through the semipermeable membrane, 
red blood cells in the filter swell and lyse resulting in severe hemolytic anemia (see 
Fig 2.1 for the explanation of osmotic fluid movement). This problem is prevented 
on modern dialysis machines by using a conductivity meter to sense the tonicity 
of the fluid entering the dialyzer. There is also a sensor that detects heme in the 
dialysate. Triggering either sensor immediately shuts the machine off. 
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nonsteroidal anti-inflammatory drugs 
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autoregulation, 304 
reducing renal artery pressure, 305 
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diabetes mellitus, 326 
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319 
intraglomerular pressure, 318 
plasma flow, 319 
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pathogenesis 
chronic kidney failure, 322 
endothelial cell dysfunction, 322 
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intraglomerular hypertension, 320-322 
mesangial dysfunction, 320 
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secondary glomerular injury 
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antihypertensive drugs, 325 
antihypertensive therapy, 324 
chronic kidney failure, 326 
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Renal acid excretion 
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plasma bicarbonate, 139 

plasma potassium, 136 

renal acid excretion, 139 
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protein concentration, 203 
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urine sodium excretion 
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Renal physiology 
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sodium reabsorption, 104 
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Renin-angiotensin system 
angiotensin II, 49-50 
angiotensin production, 49 
angiotensin receptor blocker (ARB), 50 
angiotensinogen, 48 
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osmotic and volume stimuli, 45 
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bicarbonate secretion, 40 
countercurrent system, 40 
hormonal role in 
osmoregulation, 38-39 
volume regulation, 39-40 
hypothalamus, 40 
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Salt and water balance (continued ) 
plasma oncotic pressure, 35 
plasma osmolality and sodium 

concentration, 35-36 
plasma proteins, 34 
schematic representation of osmotic 
factors, 35 
sodium chloride, 32 
urea, 34 
plasma osmolality, 32 
plasma sodium concentration, 32 
renal prostaglandins, 42 
rennin-angiotensin-aldosterone 
system, 40 
sodium excretion, hormonal regulation of 
aldosterone, 51-54 
atrial natriuretic peptide, 55-59 
effective circulating volume, 46-48 
hyperperfusion, 46 
hypothalamic osmoreceptors, 45 
renin-angiotensin system, 48-51 
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vascular resistance, 42 
Segmental sodium reabsorption 
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system, 12 
transport pathways and hormonal 
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water transport, 14 
countercurrent mechanism 
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limbs function, 14 
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distal tubule 
calcium transport, 10-12 
distal calcium reabsorption, 12 
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mechanism of, 8 
potassium concentration, 8 
schematic model, ion transport, 9 
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osmotic water transport, 7 
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Starling’s law, 17 
Steady state 
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Tubulointerstitial diseases 
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pathogenesis, 283-284 
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anatomic relationships 
interstitium, 273 
juxtamedullary nephrons, 273 
kidney medulla, 273 
bacterial infection 
bloodstream, 276 
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pathogenesis, 276 
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Staphylococcus aureus, 276 
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clinical manifestations 
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urine sediment, 274 
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acquired cystic, 292 
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drug-induced tubular injury 
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enzyme systems, 282 
kidney, 282 
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mechanisms of tubulointerstitial injury, 
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Tamm-Horsfall mucoprotein, 286 
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diabetic vascular disease, 279 
inflammatory process, 279 
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reflux nephropathy 
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glomerular filtration, 285 
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schematic model of transport pathways, 179 
sodium reabsorption, 180 
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cytoplasmic antibodies 

Crohn's disease, 261 
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Vascular injury mechanisms (continued ) 
thrombotic angiopathies, 260 
hemolytic-uremic syndrome (HUS), 
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neurologic dysfunction, 261 
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Visceral epithelial cell injury 
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Volume regulation, 40 
humoral pathways, 39 
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urinary sodium excretion, 39 
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brain water content, 71 
delayed neurologic complications, 74 
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osmolytes and cell volume regulation, 
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White cells 
granular cytoplasm, 208 
neutrophils, 208 
tubulointerstitial disease, 208 
Worsening renal disease, 296 


UPLOADED BY [STORMAG] 


